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DEEP RIPPLE MARKS IN THE SEA 


HENRY W. MENARD 
U. S. Navy Electronics Laboratory, San Diego, California 


ABSTRACT 


Submarine photography reveals that ripple marks are common in deep water in the sea. 
Current ripple marks have been found at a depth of 792 feet, and ripple marks which appear 
to be due to oscillation have been found at 4,500 feet. Water movement competent to move 


sediment must extend to these depths. 


INTRODUCTION 


Water-formed ripple marks are among 
the most common of the original surface 
features preserved on the bedding planes 
of sedimentary rocks. The environmental 
significance of ripple marks has been 
studied extensively, both because ripple 
marks are so common, and because they 
obviously provide some clues regarding 
the currents or waves that produced 
them, and the seas, rivers, or lakes in 
which they were formed. Special interest 
may be attached to the maximum depth 
at which modern ripples are formed in 
the sea, because other sedimentary proc- 
esses must extend down to this same 
depth and also because ripple marks in 
sedimentary rocks have been taken as an 
indication of shallow water. 

In 1841, Siau observed that the sea 
floor near the island of Reunion was 
covered with ripples with coarse grains in 
the hollows and fine grains on the crests. 
By lowering a sounding lead with wax on 
the bottom he was able to prove that 
alternate bands of coarse and fine ma- 
terial continued out to a depth of 617 
feet (Johnson, 1919, p. 489). This figure 
has remained in the geological literature 
for more than one hundred years as the 
maximum depth at which ripples have 
been observed. In the past four years, 
however, the expanding development and 
use of submarine photography has re- 
vealed that ripples are common in water 
several hundred feet deep, and that they 
exist in water several thousand feet deep. 
Ripple marks appear on 46 of 111 rela- 


tively clear photographs taken in depths 
greater than 300 feet by the Navy Elec- 
tronics Laboratory; but the significance 
of these numbers is small. A “relatively 
clear’ photograph is taken to be one on 
which something can be identified; this 
introduces a bias toward a high number 
of photographs of ripple marks because 
the marks are distinguishable on some 
hazy photographs, whereas a flat bottom 
may just appear as a blur, and blurred 
photographs are not counted because the 
blur may be suspended sediment that 
conceals the bottom. On the other hand, 
most of the photographs were taken in 
places where the bottom is rocky in an 
attempt to study the rocks. Random 
photography, therefore, might show a 
higher percentage of ripple marks. More- 
over, as many as 38 relatively clear photo- 
graphs have been taken in one place, and 
only one photograph in another. Perhaps 
the number of areas where ripple marks 
have been photographed is more signif- 
icant; & of 10 areas show ripples. 
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TABLE 1.—Locations, depths, and symmetry of ripple marks. 


Symmetry 


Location 


? Tanner Bank, California Borderland 
symmetrical 
asymmetrical 


Santa Rosa Ridge, California Borderland 
South entrance to Unimak Pass, Aleutian Islands 
Cortez Bank, California Borderland 


? Ranger Bank, Baia California (Emery, 1948) 
? Coronado Ridge, California Borderland 


asymmetrical 
asymmetrical 
asymmetrical 
asymmetrical(?) 
symmetrical (?) 
symmetrical (?) 
symmetrical (?) 


Gulf of Maine (Ewing, Vine, and Worzel, 1946) 

Slope off town of San Clemente, California 

Nodales Channel, British Columbia 

Forty Mile Bank, California Borderland 

“Fieberling’”’ Bank, 530 miles west of San Diego, California 
Sylvania Guyot, northern Marshall Islands (Plate 1) 
Sylvania Guyot, northern Marshall Islands (Plate 2) 


several sea floor photographs taken dur- 
ing recent Woods Hole Oceanographic 
Institution investigations. 


LOCATION AND DEPTH OF RIPPLES 


The locations, depths, and symmetry 
of some submarine ripple marks are sum- 
marized in table 1. The shoaler ones are 
included in the table in order to indicate 
the number of places in which they have 
been photographed. Not all of the ripple 
marks can be identified as to type or even 
as to symmetry. Many photographs are 
clouded by turbid water; and, even in the 
best photographs, the two dimensional 
plan view with a point source of lighting 
tends to obscure the shape of some fea- 
tures. Moreover, the origin of ripple 
marks is not always determinable even 
in the most favorable conditions for 
observation on land. The ripple marks 
called ‘‘symmetrical’’ would not be 
termed so by a geometrician, but they 
appear to be as symmetrical as most 
“symmetrical,” wave-formed, ripple 
marks in shallow water. Ayrton (1910) 
and more recently Evans (1941) have 
noted the widespread occurrence of 
slightly asymmetrical wave-formed rip- 
ple marks. A summary of observations 
by members of the Scripps Institution of 
Oceanography and the Navy Electronics 
Laboratory permits the generalizations 
that at a given time, individual ripple 


marks may be symmetrical in one place 
and asymmetrical 10-15 feet away, and 
that at a given place, individual ripple 
marks may be symmetrical at one time, 
and asymmetrical a few minutes later. 
Symmetrical ripple marks are produced 
by alternating currents of equal intensity 
generated by waves. Waves in still water 
produce symmetrical ripple marks, but 
waves in the ocean usually are superim- 
posed on independent or related mass 
transport of the water. Unless the waves 
are at right angles to the current, the 
wave-produced alternating current with 
a component in the direction of the mass 
transport is reinforced, and the opposed 
alternating current is retarded. Ripple 
marks produced in such circumstances are 
more or less asymmetrical depending on 
the relative velocity of mass transport 
and the velocity of the alternating 
currents. Because of the gradations be- 
tween oscillation and current ripple 
marks, identification of any but the end 
members must be arbitrary. For the pres- 
ent purposes, current ripple marks are 
considered to be those that are strongly 
asymmetrical and that have one slope 
at the angle of repose, and the other more 
or less convex upward. Approximately 
symmetrical ripple marks with two 
slopes concave upward are considered to 
be produced by oscillatory water move- 
ment. Many photographs show oriented 


4 
Depth in 
Feet 
246 
200-300 
348 
168 
468 
498 
625 
720 
792 
1650 
4500 
4500 


DEEP RIPPLE 


MARKS IN THE SEA 


PLATE 1.—Ripple marks at a depth of 4,500 feet on Sylvania Seamount. See figure 1 for 
a profile of these ripple marks. The distance between ripple marks in the center of the photo- 


graph is about 12 inches. 


scours or shells which give more indica- 
tion of the type of water movement than 
do the ripple marks. 

The deepest ripple marks which defi- 
nitely were produced by a current have 
been photographed in Nodales Channel, 
British Columbia, at a depth of 720 feet. 
Elsewhere in this channel, current ripple 
marks have been photographed at 420 
feet and 618 feet. In the two shoaler 


photographs, numerous ophiuroids are 
oriented by the current; one leg points 
up-current, two legs are perpendicular 
to the current and their tips curve down- 
current, the other two legs form a ‘‘V”’ 
which opens down-current. Many of the 
legs pointing up-current are obscured, 
and appear to be buried in the sand to 
form an anchor. The most striking evi- 
dence for rapid current ripple mark move- 


q 


HENRY W. MENARD 


2 


4 


n 
INCHES 


ment in deep water appears in three 
photographs taken at the southern ap- 
proach to Unimak Pass, Aleutian Islands, 
at a depth of 300 feet. In these photo- 
graphs, current ripple marks have moved 
over ophiuroids that are partially buried 
by the ripple mark ridges but exposed in 
the hollows between ridges. 

The ripple marks on Sylvania Guyot 
(pls. 1 and 2) were at a depth of 4500 
feet. The wavelength of the ripples shown 
in plate 1 is about 12 inches; the ampli- 
tude is about 3 inches. The writer’s im- 
pression of the profile of the ripple marks 
in plate 1 appears in figure 1. This profile 
was made from the two-dimensional 
photograph by viewing two copies of the 
photograph with a_ stereoscope. The 
image seen through the stereoscope is not 
actually three dimensional, but the illu- 
sion of three dimensions is very strong 
and reliable. War-time photo interpreters 
often took advantage of this illusion 
when stereoscopic photographs were not 
available. The horizontal scale of the 
photographs and the profile has been 
calculated from the focal length of the 
camera, the distance from the lens to 
the sea floor, and the dimensions of the 
negative. The vertical dimensions shown 
in figure 1 have been computed from the 
length of the shadows in the central part 
of plate 1. These ripple marks are thought 
to have been produced by oscillatory 
water movement—rather than a steady 
current—for the following reasons: 

1. They appear to be approximately 
symmetrical in profile. 


Fic. 1.—Profile of ripple marks on Sylvania Seamount (plate 1). 


2. The profile shows a series of rounded 
undulations with superimposed angular 
crests. Ripple marks with profiles of this 
type are caused by waves, according to 
Evans (1949). The writer has watched 
waves form ripple marks of this shape at 
Sippowisset, Massachusetts. The angular 
crest of relatively unconsolidated sand 
migrates back and forth over the rounded 
crest of the underlying relatively con- 
solidated ripple mark. Two times of for- 
mation of ripple marks are indicated. 

3. According to Evans’ criteria (1949) 
for distinguishing current ripple marks 
from asymmetrical oscillation ripple 
marks, the ripple marks between rocks 
(pl. 2) are even more suggestive. (The 
criteria apply equally well to ripple marks 
which probably are symmetrical, but 
Evans reasonably assumed that it is al- 
ways possible to determine the symmetry 
of ripple marks.) 

a. The edges of the ripple marks lap 

over the adjacent rocks. Currents 

probably would sweep them off the 
rocks. 

. The ripple marks are relatively 
straight between the rocks. Current 
ripple marks would be convex down- 
current due to fluid drag on the 
rocks. 

It may be worthwhile to reconstruct 
the history of the sediment photographed 
in plate 2. Individual tests of pelagic 
foraminifera settled onto a hard surface 
of cobbles and rock covered with a layer 
of manganese dioxide. The unconsoldated 
layer of foraminiferal sand then became 
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PLATE 2.—Ripple marks at a depth of 4,500 feet on Sylvania Seamount. Ripple marks are 
relatively straight between rocks and lap over the edges of the rocks. The base of the photo- 
graph is about 5} feet wide, and the top is about 8 feet wide. Arrows show ends of ripple marks. 


“A” is an exposed area of ripple marked sand. 


rippled by some type of water movement. 
If the movement had been due to a uni- 
directional current, flume experiments 
show that the sand would have formed 
barchan shaped ripple marks and mi- 
grated down current. As the ripple marks 
migrated they would reach relatively pro- 
tected zones in the lee of cobbles, and 
there they would remain as ‘‘tails’”’ point- 
ing down current from the cobbles. This 


has not happened. Instead, the sand has 
been swept into patches, some in exposed 
positions, and ripple marks have formed 
on the patches (‘‘A” in pl. 2). Such 
sweeping into patches with little regard 
for the irregularities on the bed is char- 
acteristic of oscillatory water movement. 

The ripple marks photographed at a 
depth of 1650 feet on ‘‘Fieberling’”’ Bank 
were formed on small patches of sand 
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between rocks. All the evidence for oscil- 
latory movement shown in plate 2 at 
Sylvania Guyot applies to these ripple 
marks as well. 


ORIGIN OF DEEP RIPPLE MARKS IN 
THE OCEAN 


The current which formed the ripple 
marks at a depth of 720 feet in Nodales 
Channel, British Columbia probably was 
produced by tidal action. The channel is 
long and narrow, and open at both ends. 
The tidal velocity is as high as two knots. 
Mixing due to tidal action produces homo- 
geneous water down to the bottom (Saur, 
1950), and tidal velocities probably are 
appreciable at the bottom of the channel. 
Fast tidal currents move through deeper 
confined channels elsewhere in the world, 
and it appears likely that the floors of 
these channels are covered with ripple 
marks unless scouring has exposed bed 
rock, 

The origin of the short period oscilla- 
tions which produced the ripple marks on 
Sylvania Guyot and ‘‘Fieberling’? Bank 
is not certain. Currents associated with 
wind-generated surface waves are con- 
fined to shallow depths. Long period 
waves such as the tides and seismic sea 
waves (tsunamis) would produce current 
ripples. It is possible that the oscillations 
were generated by internal waves, which 
are formed far below the ocean surface. 
Regardless of their origin, oscillatory 
currents need not be very fast in order to 
produce the ripple marks. The ripple- 
marked sediment is a globigerina ooze, 
and the largest foraminifera tests pre- 
sent in any significant quantity probably 
have a diameter of about one half a milli- 
meter. In a hydraulic flume, a mean cur- 
rent velocity of about 24 cms/sec. is 
competent to move well-sorted quartz 
grains with a diameter of 0.5 mm; cur- 
rents competent to move sand grains 
are also competent to form ripple marks 
(Menard, 1950) However, well sorted 
coarse grains require a far faster compe- 
tent velocity than similar grains that 


form only a small percentage of a poorly- 
sorted sediment with a median finer than 
the coarse grains. The difference in com- 
petent velocity for a given sediment can 
be measured accurately only by experi- 
ments, and none have been made with 
the globigerina ooze, but some flume 
tests with quartz sands indicate that the 
competent velocity of a similar quartz 
‘‘sand”’ probably is less than 20 cms/sec. 
In addition, competent velocity is pro- 
portional to 1/di.—dw where di is the 
bulk density of the test plus the water 
contained in the test, and dy is the den- 
sity of the water surrounding the test. 
Consequently hollow tests are easier to 
move than solid quartz grains. Ten 0.5 
mm foraminifera tests from a sample 
dredged near Sylvania Seamount had an 
average weight of about 0.1 mg, which 
indicates that the velocity required to 
move the tests probably is only about 
six-tenths of the competent velocity of a 
quartz sand with a similar size distribu- 
tion. 


CONCLUSION 


Submarine photography has shown 
that ripple marks exist in the ocean far 
below the maximum depth of 617 feet 
quoted in geological literature. Current 
ripple marks have been found at a depth 
of 792 feet in Nodales Channel, probably 
as a result of the strong tidal currents 
confined in the narrow channel. Ripple 
marks at a depth of 4500 feet on Sylvania 
Guyot appear to be of the type produced 
by oscillatory water movement. The ori- 
gin of short period oscillations at this 
depth is not known, 

With regard to paleogeography and 
paleoecology, these observations indi- 
cate that ripple-marked marine sedi- 
ments may be deposited in water almost 
a mile deep. No relationship between the 
wavelength of the ripples and depth has 
been observed. As to geological theories 
of submarine processes, submarine ripple 


marks are formed only by such currents 
and oscillations as are competent to 
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move sediment. These currents and oscil- that they produce in shallow water, al- 
lations must be capable of the same types though the processes may be much less 
of transportation and sorting of sediment intense in deep water. 
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ADAPTATION OF THE PISTON CORING DEVICE TO 
SHALLOW WATER SAMPLING‘ 


MAXWELL SILVERMAN anp RICHARD C, WHALEY 
Chesapeake Bay Institute of The Johns Hopkins University 


ABSTRACT 


A piston core sampler was adapted for use in shallow water. Nearly 300 cores were taken in 
the Chesapeake Bay area, the majority of which were in sandy or gravelly sediments. These 
cores ranged in length from six inches to twenty feet with an average sand core length of six 
feet and the longest sand-gravel core fifteen feet. The apparatus consists of an upper assembly 
containing lead drive weights, a coring tube, a reducing coupling, piston, tool steel cutting 
edge, and a release mechanism modified after that of Hvorslev and Stetson. A rapid method 
of operation is described which has been found to work efficiently under favorable weather 
conditions. The length of sand and gravel cores recovered appears to depend upon grain size, 


water content, and wall friction. 


INTRODUCTION 


Developments in the use of the piston 
core sampler in the past six years indi- 
cated that certain modifications could be 
adopted to permit rapid and efficient use 
in shallow water. Therefore the Chesa- 
peake Bay Institute under contract with 
the Office of Naval Research and in co- 
operation with the U. S. Navy Hydro- 
graphic Office and the U. S. Coast and 
Geodetic Survey constructed a shallow- 
water type sampler for use in the 1951 
field season. 

The original model of this particular 
device was used by Hough, in 1950, to 
secure a 37-foot core in 924 feet of water 
in Lake Micigan. The rig modified at the 
Chesapeake Bay Institute? was used to 
obtain nearly 300 cores in lower Chesa- 
peake Bay and on the adjoining Conti- 


1 Contribution from the Chesapeake Bay 
Institute, No. 5. 

2 Many individuals were instrumental in 
developing the design and use of this device. 
In particular the authors respectfully acknowl- 
edge the contributions of Dr. Jack L. Hough, 
University of Illinois; Drs. Maurice Ewing 
and J. Lamar Worzel, Columbia University; 
Mr. William Asher, The Johns Hopkins 
University; Commander W. F. Malnate, 
U.S.C. & G. S.; Mr. D. W. Booth, Chesapeake 
Bay Institute; Mr. Joseph F. Schreiber, Jr., 
University of Utah; Boatswain Grant Lewis, 
US.C. & GS.; Chief Boatswains Mate 
Bruno Konieczka, U.S.C.G. 


nental Shelf. The cores ranged in length 
from six inches to twenty feet and were 
taken in mud, sand and gravel with the 
last two being the predominant materials 
cored. Water depths ranged from twenty 
to one hundred twenty-five feet. The 
maximum coring tube length used in any 
operation was twenty feet. 

The sampler is given a high entrance 
velocity into the bottom by means of a 
free-fall release mechanism modified after 
Hvorslev and Stetson (1946). The cores 
are obtained by means of a piston which 
is immobilized as soon as the sampler 
touches bottom, thereby allowing the tube 
to fall down around it developing and 
maintaining a partial vacuum above the 
advancing core. Although greater pres- 
sure differentials are obtained in deep 
water use of this device, it has been ob- 
served that the differential in shallow 
water is still sufficient to overcome the 
wall friction produced by sandy and 
gravelly cores. 


RIG ASSEMBLY 


Essentially this sampler consists of an 
upper assembly of 2 1/2-inch pipe upon 
which are mounted the lead drive 
weights; the coring tube of 2-inch I.D., 
2 1/4-inch O.D. seamless steel; a reduc- 
ing coupling to join the above together; 
a piston; a tool steel cutting edge; and a 
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release mechanism which allows the cor- 
ing tube to fall down around the piston 
during the operation (fig. 1). 

Since strains of up to ten times the 
weight of the entire assembly have been 
registered in pulling the sampler out of 
certain types of bottom, the entire de- 
sign was based upon this value. The boom 
or A-frame for handling the gear over 
the side, the winch, and the 3/8-inch 
stainless steel hoisting cable all have a 
six-ton load limit, allowing a consistent 
safety factor of better than 1 to 5. Be- 
cause impact loads may double bending 
and shearing stresses in the coring tube 
as the sampler enters the bottom, the 
reducing coupling was designed to mini- 
mize the effects of these loads. For in- 
stance, under Euler’s column analogy 
(Seely, 1947) a load of 9600 lb. must 
develop to cause bending in a sampler 
embedded ten feet in the bottom. 

The upper assembly of the sampler is 
constructed of 2 1/2-inch heavy galva- 
nized pipe with a welded flange at the 
lower end to hold the lead drive weights 
and a long bail at the upper end into 
which the release mechanism is hooked. 
The reducing coupling is constructed of 
tool steel and has a piston stop in its 
interior which bears the entire load of the 
sampler as it is retrieved from the bot- 
tom. Accordingly, this member has been 
lengthened to effect uniform stress dis- 
tribution. Two types of couplings have 
been used, one with and one without 
water exit ports, with no _ significant 
difference in the results being observed. 

The coring tubes are made of seamless 
steel tubing, 2-inch I.D., 2 1/4-inch O.D., 
with one inch of NF-16-2 threads (Na- 
tional Fine Series Machine Thread; 16 
threads per inch; class 2 fit) at both ends. 
They have been used in 5-, 10-, and 20- 
foot lengths. The piston also is con- 
structed of tool steel and has a diameter 
1/64-inch less than the inside diameter 
of the coring tube. Effective pressure is 
maintained by the use of standard 2-inch 
piston cup leathers which adjust them- 
selves to fit the .007-inch inside tolerance 
of the tube. 


To prevent kinking of the cable, the 
piston is connected to a tool-steel swivel 
which in turn is bolted to an Electroline- 
type fiege fitting in which the hoisting 
cable terminates. This fitting is deemed 
far superior to zinced or babbited cable 
fittings because of the ease and simplicity 
of replacing fittings. 

The cutting edges are made of un- 
hardened tool steel and have a .05-inch 
reduction in inside diameter or choke to 
help overcome the effects of wall friction. 
Case hardening was proved unsatisfac- 
tory because of the resultant brittleness. 
Inside the cutting edge is placed a core 
catcher or orange pee) valve of heavy 
spring copper (Emery and Dietz, 1941) 
on a brass ring. This has the effect of 
retaining coarse material and clayey 
material. 

The release mechanism is essentially 
similar to that of Hvorslev and Stetson 
except for a long cable clamp welded to 
the side of the release. This modification 
enables the cable to be continuous from 
the winch to the piston. Through bolts 
are carried through the mechanism and 
are welded to the side opposite the clamp. 

The counterweight, which is secured to 
the long arm of the release mechanism by 
a light line, is a streamlined lead weight. 
The weight used depends upon the pay- 
out speed of the winch. A weight of 65 
pounds has been used with a fast winch 
and a 30 pound sounding lead with a 
slow winch. The lead drive weights used 
on the upper assembly are cast in 50 
pound doughnuts. The standard weight 
used has been 250 pounds. 

As in every oceanographic instrument 
corrosion is an ever present problem. 
The outside walls of the coring tubes and 
the coupling are periodically coated with 
red lead and the inside walls of the tubes 
are covered with a light machine oil. 
Naturally, some of this is retained on the 
core and allowances must be made for it 
during examination. On the other hand, 
the oil tends to reduce the inside wall 
friction. When not in use the cutting 
edges and piston are coated with a heavy 
grease. 
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PISTON CORING DEVICE IN SHALLOW 


Fic. 2.—Rig assembled in rail-brackets showing release mechanism clamped to upper 


assembly and cable clamped to release with free-fall-loop hanging free. 


METHOD OF USE 

A complete coring operation with this 
sampler, including the rigging and drop- 
ping of the device, as well as the extru- 
sion and packaging of the core, takes 
from ten to thirty minutes thus allowing 
a large number of cores to be taken in 
any one day. 

In rigging the sampler the first opera- 
tion consists of securing the upper assem- 
bly in brackets alongside the ship and 
threading on a section of tubing, the 
length of which is previously determined 
by a grab sample and the depth. In shal- 
low water operation it may be necessary 
to limit the length of tubing used, in 
order to provide for complete submersion 
of the sampler. The cable is then run 
through and the swivel and piston bolted 
on to the fiege fitting. The piston is then 
pushed back about 3 inches from the 
lower end of the tube and the spring core 
catcher and cutting edge affixed. 


At this point the release mechanism is 
clamped to the cable above the upper 
assembly and a loop of wire, equal to the 
amount of free fall desired, is allowed to 
hang free (fig. 2). Six- and eighteen-foot 
free falls have been used in the Chesa- 
peake Bay operations. The release is then 
locked into place in the bail on the upper 
assembly and the counterweight and line 
secured to the long arm of the release. 
The length of this line corresponds to 
the length of the entire sampler plus the 
length of free fall used. 

With everything secure and a safety 
pin in place on the release the rig is 
hoisted to a vertical position by means of 
a chain hoist suspended from either an 
auxiliary boom or from the A-frame (fig. 
3). The safety pin is removed and the 
device is lowered into the water. On the 
moment of contact with the bottom, as 
indicated by slack in the line or on a 
dynamometer, the winch is immediately 
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Fic. 3.—Rig suspended vertically from main boom ready to be lowered into the water. 


braked to immoblize the piston at the 
bottom. The upward movement of the 
release arm, caused by the counterweight 
striking bottom, frees the sampler from 
the release mechanism and allows it to 
penetrate the bottom. When it is evident 
that downward motion of the tube has 
ceased the device is hauled to the surface, 
brought to a horizontal position by means 
of the chain hoist and the coring tube is 
removed. 

During the operations in the Chesa- 
peake Bay area, the cores were extruded 
immediately into a trough on deck and 
packaged in heavy water proof paper. It 
was Observed that if the cores were al- 
lowed to remain in the tubes for any 
length of time extrusion became a very 
difficult process. Because of the present 
techniques of manual shipboard extrusion 
some distortion in length and water con- 
tent of sand cores is to be expected. The 
extremely high wall friction of sand and 
gravel cores causes them to act quite 


differently from mud cores under the ap- 
plication of localized pressure. 

Perhaps the most important consider- 
ation in efficient operation in shallow 
water is the presence of favorable weather 
conditions. Clear days are necessary if 
visual control is to be utilized. Coring 
can be safely accomplished in a choppy 
sea provided the crew is well trained. 
However, the presence of swell will in- 
hibit coring operations. An irregular rise 
and fall of the ship as succeeding crests 
and troughs of a swell system pass it 
are sufficient to cause the device to trip 
above the bottom. At times a number of 
casts are necessary to obtain a core when 
swell is running at a station. The per- 
centage of successful recoveries will thus 
decrease in rougher weather. 


RESULTS 


Over ninety percent of the coring 
stations occupied during the 1951 field 
season were on hard or sandy bottom. 
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PISTON CORING DEVICE IN SHALLOW WATER 


Fic. 4.—Extruded core of sand and gravel 8’ long. Lower portion of core is gravel. 


Here core lengths ranged from six inches 
to fifteen feet with the average length at 
six feet. At those stations on which a 
muddy bottom was encountered the max- 
imum recovery was achieved nearly 
every time. In using a 20-foot tube, 20- 
foot recoveries were the result. 

The sand cores ranged in grain size 
from very fine sand and silt through 
coarse gravel (fig. 4) and exhibited sort- 
ing from excellent to poor. Shelly ma- 
terial of all sizes was also recovered. 

Two factors apparently influenced the 
length of sand core recovery. The first 
was grain size. The longest cores re- 
covered were composed of moderately 
clean coarse sands and gravels. The 


shortest cores were composed of fine and 
very fine cohesionless sands which evi- 
dently poured out through the cutting 
edge leaving a slumped and distorted 
mass behind. The occurrence of clay size 
material in a core section, however, in- 
creased appreciably the amount of core 
retrieved. 

The second factor, water content, was 
indicated by the greater lengths of super- 
saturated or water logged sand and gravel 
cores. The longest sand core obtained 
during this field season, fifteen feet, 
showed evidences of being part of an 
artesian system on the west side of Chesa- 
peake Bay. A line of cores eastward across 
the Bay and away from the area in ques- 
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tion showed progressively shorter lengths 
as the water content of the cores de- 
creased. A relatively dry sand from the 
east side of the Bay was three feet long 
upon extrusion. 

Acutually the friction of the sand and 
gravel along the walls of the coring tube 
controls recovery. As long as the pressure 
differential above the core is greater than 
wall friction, the core will advance into 
the tube. When wall friction is greater 
than pressure further relative movement 
of the piston will merely draw water 


through the sands to form a water cap 
above the core. 


CONCLUSIONS 


The adaptation of the piston coring 
device just described has proved itself 
to be efficient under conditions of rapid 
use, shallow depths, and sandy bottom. 
Future modifications should deal with 
the problems of retaining fine grained 
cohesionless sands, of fast and undistorted 
extrusion, and of the use of a piston 
within a thin-walled liner. 
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ABSTRACT 


Previous work on the use of detrital quartz as an index to provenance is critically examined, 
and it is concluded that the only two valid criteria advanced are 1) composite nature of 
polygranular fragments, and 2) shape of monogranular particles. The present study develops 
the second criterion, an attempt being made to group grains as either igneous or metamorphic 
solely on the basis of shape. Measurement of elongations (long axis/short axis) of several thou- 
sand quartz grains from sandstones of each of two formations revealed a statistical difference 
in the grain shapes of the two sandstones. Grains from several badly weathered crystalline rocks 
were also measured, and it was found that the average elongation for the grains of a granite 
was less than that for the grains of a schist. By analogy, it is concluded that the grain shape 


difference between the two sandstones is due to their derivation from different source rocks. 


INTRODUCTION 


This investigation was undertaken in 
conjunction with a more general petro- 
logic study of the sandstones of the Stan- 
ley and Jackfork formations of the Oua- 
chita Mountains, and the results were 
utilized therein. Early in the study it was 
suspected that the two formations had 
been derived from different sources, and 
an attempt was made to verify the idea 
by an analysis of the clastic quartz of the 
sandstones. The results of the investiga- 
tion established the utility of quartz as a 
tool for provenance studies and sub- 
stantiated the original surmise. 


PREVIOUS WORK 


Quartz is the chief detrital constituent 
of most sandstones, ranging from as low 
as 40 per cent in some arkoses and gray- 
wackes to nearly 100 per cent in pure 
orthoquartzites. Detrital quartz also 
constitutes a considerable proportion of 
many shales and clastic limestones. Due 
to the monotonous uniformity of its ap- 
pearance, it does not seem promising as 
a tool for provenance studies. Several 
workers, however, have considered the 
problem of tracing sediments to their 
ultimate sources by a critical examina- 
tion and analysis of the constituent 
quartz grains. Particular attention has 
been paid to the character of the extinc- 


tion and the nature of the inclusions. 

Mackie (1896), the first investigator 
in the field, divided the quartz grains 
of the sands and sandstones of Eastern 
Moray into four groups on the basis of 
their inclusions or lack thereof: 


Regular-inclusioned—included crystals are 
quartz, chlorite, muscovite, biotite, rutile, 
apatite, zircon, garnet, and magnetite. 

Acicular-inclusioned—inclusions are fine 
and needle-like; fine dark lines run in all di- 
rections through the grain, mineralogy un- 
known; sheaf-like aggregates of sillimanite; 
probably also apatite and tourmaline. 

Irregular-inclusioned—inclusions arealmost 
always fluid lacunae with or without gas bub- 
bles; sometimes arranged in parallel rows. 

Inclusionless. 


He further states that, 


...acicular and irregular inclusions pre- 
eminently abound in the quartz of granite. 
That the regular group is to be found in vari- 
ous proportions, but always in relatively large 
numbers in the quartz of gneiss and the 
younger schistose rocks.” . 


Gilligan (1919), in a study of the Mill- 
stone grit of Yorkshire, classified the 
quartz grains according to the Mackie 
scheme, stating that the order of abun- 
dance is regular, irregular, acicular, and 
negative (inclusionless), but adduced no 
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additional evidence to support the gen- 
etic interpretation of the classification. 
Tyler (1936), studying the St. Peter 
sandstone in Wisconsin, attempted to 
supply this evidence by analyzing the 
inclusions in the grains of three granites, 
two gneisses, and two schists. Although 
Tyler considered the data corroborative, 
the results appear equivocal, and suggest 
that Mackie’s law may not be of general 
validity. Pye (1944) reached the same 
conclusion from a study of the Bethel 
sandstone. More recently, Keller and 
Littlefield (1950) examined inclusions 
in the quartz of 35 igneous and 16 meta- 
morphic rocks and concluded (with 
slight modifications) that, ‘‘agreement 
between Mackie’s findings and those of 
the writers is close.” 

Krynine (1940), discussing the Third 
Bradford sand, cites the work of Mackie 
and Gilligan, but makes the following 
statement, which runs counter to these 
earlier authorities: 


“Igneous quartz contains inclusions: minute 
cavities at times filled with bubbles of water or 
COs, dust, and microlites of such igneous 
minerals as zircon, monazite, tourmaline. The 
inclusions in metamorphic quartz are usually 
much more acicular in character and include 
microlites of such stress minerals as kyanite 
and silimanite.” 


(The italics are mine.) Krynine also 
sums up the ideas underlying the use of 
extinction as a criterion of paragenesis: 


“Tt is known that when quartz is subjected to 
considerable pressure it develops ‘strain 
shadows’ or ‘undulose’ extinction, observable 
under crossed nicols. The stronger the pressure 
the more pronounced the strain shadows.” 


Additional criteria of grain shape, out- 
line, and makeup are also introduced: 


“In the case of large, equidimensional grains 
the dividing line between modified igneous 
quartz and metamorphic quartz is set arbi- 
trarily at the appearance of well-defined 
crenulated borders. These borders are charac- 
teristic of metamorphic quartz. Elongated 
(lensoid) or multiple small grains obviously 
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can be assigned to the metamorphic group 
without difficulty.” 


With the aid of these criteria he differen- 
tiated seven types of quartz occurring in 
the Third Bradford sand. These fall into 
two broad provenance groups of igneous 
and metamorphic-sedimentary. 

While Krynine’s scheme of classifica- 
tion is more comprehensive and on a 
much firmer basis than any of the pre- 
ceding, it contains several points of 
weakness: 1) In graywackes, crenulated 
borders, the criterion relied upon to dis- 
tinguish modified igneous quartz from 
equidimensional grains of metamorphic 
quartz, may be difficult to distinguish 
from embaying due to marginal replace- 
by the chlorite-serecite matrix in which 
the grains repose. The same problem 
may exist in orthoquartzites as a result 
of contact phenomena such as welding 
and suturing of adjacent grains. 2) The 
dividing line between coarse meta- 
morphic and schistose grains is artificial 
and subjective, being merely a matter 
of size. 3) Differentiation between slightly 
elongate grains and almost equidimen- 
sional ones is entirely subjective. 4) 
Many grains contain no inclusions. 5) 
Undulose extinction is not present in all 
grains of metamorphic origin, nor is it 
entirely restricted to such grains, frag- 
ments of igneous derivation not infre- 
quently displaying strain shadows. 

The two entirely valid criteria sug- 
gested by Krynine appear to be shape and 
the composite nature of some grains. 
The latter can immediately be placed in 
the metamorphic-sedimentary category. 
The problem, then, becomes one of deter- 
mining whether single grains can be 
separated into two or more provenance 
groups solely on the basis of shape. 
Underlying the use of shape as a criterion 
of provenance is the assumption that 
dynamic metamorphic processes produce 
quartz approaching in form that of other 
tabular or acicular metamorphic min- 
erals, whereas the shape of igneous quartz 
reflects its origin in an essentially iso- 
tropic stress environment. 


It seems clear that, ‘‘except for slight 
shape modification produced by abrasion, 
the end shape of a sand grain or pebble 
appears to be determined by its original 
shape” (Pettijohn, 1949, p. 54). 


PRESENT STUDY 
Methods 


A solution to the problem was arrived 
at in two steps. The first consisted of 
determining the ratios of elongation for 
a number of. grains from 31 thin sections 
of the Stanley and Jackfork sandstones. 
This ratio is found by dividing the long 
axis of a grain—the diameter of the 
largest circle that can be circumscribed 
about it—by the short axis—the longest 
line that can be drawn normal to the long 
axis, not necessarily through the center of 
the grain. The measurements were made 
under the high power lens with the aid 
of a micrometer ocular. To insure ran- 
dom selection of grains, traverses were 
made by moving the slide along a straight 
edge and measuring every grain that was 
intercepted by the micrometer scale. 

The actual elongation of a grain can 
be measured only if the grain is oriented 
in a manner such that the plane defined 
by its long and short axes is parallel to 
the plane of the thin section, in which 
the measurements are being made. Since 
this occurs only rarely, most of the values 
measured are intercepts of some two of 
of the true axes in the plane of the thin 
section, and the elongations so calculated 
differ from the true ratios accordingly. 
Since the true elongation is the largest 
value that can be measured, the mean of 
a large number of measured elongations 
will be somewhat less than the true mean. 
This effect is offset to some extent by 
the fact that the value of the true elonga- 
tion is given by any pair of intercepts 
which are in that ratio. Furthermore, all 
samples are affected in a like manner, 
so that the validity of the comparions 
is in no way impaired. 

Four assumptions are basic to all 
elongation measurements: 1) The grains 
are randomly oriented within the rock. 
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The existence of a preferred dimensional 
orientation would bias the measurements 
in one of several directions, depending on 
how the particular thin section were cut 
with respect to the fabric. The non- 
existence of such a fabric has been dem- 
onstrated in two ways. Three mutually 
perpendicular thin sections were made 
from each of several samples, and a num- 
ber of grains measured in each. The mean 
elongations determined from each slide 
were found to be essentially the same. 
Dimensional fabric diagrams were also 
prepared for a number of slides by meas- 
uring the azimuths of the long axes of a 
number of elongate grains and plotting 
the results as histograms with class in- 
tervals of twenty degrees. None of the 
diagrams so constructed displayed a pro- 
nounced maximum although many of 
them showed a weak central tendency. 2) 
No significant percentage of the grains is 
elongated by secondary overgrowths. 
This phenomenon might be particularly 
important in orthoquartzites and sub- 
graywackes, where a considerable per cent 
of the cement is secondary. A close check 
revealed the fact that few grains were 
markedly elongated by secondary en- 
largement, and when such a grain was 
encountered the overgrowth could be 
taken into account. It is not believed 
that many overgrowths passed unde- 
tected. 3) No significant percentage of 
the grains is elongated as a result of 
metamorphism affecting the Stanley 
and Jackfork formations. Even were this 
not true, one might expect that the grains 
from each would, on the average, be af- 
fected in a like manner rather than dif- 
ferentially. 4) Most of the grains meas- 
ured are whole, and not fragments of 
larger, single grains. 

Several checks were made to deter- 
mine the minimum number of grains that 
had to be counted per thin section to 
yield reproducible results. Up to 350 
grains, in groups of fifty, were counted 
in a single section. The mean, median, 
and standard deviation for each cumula- 
tive group (50, 100, 150, etc.) were then 
computed and compared. Only slight, 
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TABLE 1.—Elongation values 


Stanley graywackes 


1.4-1.6] 1.6—-1.8] 1.8—-2.0] 2.0-2.2] 2.2-2.4 

Per cent | Per cent | Per cent | Per cent | Per cent 
21 12 = 8 3 6 
6 6 _ 10 
7 4 5 6 
8 4 6 6 
3 5 2 3 
4 7 3 10 
3 4 2 12 
165 30 19 18 12 11 2 3 5 
144 31 22 20 4 9 2 4 8 
145 24 23 18 11 7 6 4 7 
172 23 21 23 16 2 5 > 5 
173 33 14 18 10 7 9 1 8 
174 30 20 15 11 10 8 2 4 
166 25 25 22 13 4 c 2 2 
164 35 24 12 11 3 3 2 10 
Average 27 23 17 11 6 6 3 7 


13 9 10 5 12 
8 11 6 4 
11 10 3 6 
15 12 10 2 
17 13 11 4 
13 10 9 5 
12 8 10 3 
13 12 9 7 
16 9 10 
12 15 9 9 
10 \1 8 2 
11 13 5 6 
13 10 11 2 
4 6 
3 4 


21 18 19 14 
219 23 20 17 
139 19 21 11 
138 12 19 18 
242 7 13 26 
238 15 14 20 
233 24 16 17 
248 13 16 21 
245 20 16 15 
225 16 11 20 
231 16 18 18 
250 17 19 22 
251 12 19 Zs 

Average 16 17 19 


13 11 8 6 10 


non-systematic variations existed, indi- 
cating that 100 grains is adequate to re- 
veal the elongation characteristics of a 
single sample. 

The arithmetic mean, median, and 
standard deviation were computed for 
the elongation data of each thin section. 
To facilitate these calculations, as well 
as for purposes of graphical representa- 
tion, the data were grouped into classes, 
the intervals of which are 0.2. That is, 
all grains with elongation ratios between 
1.0 and 1.19 fall into the first class, those 


between 1.2 and 1.39 into the second, 


etc. 

The second step in the solution con- 
sisted of measuring the elongations of 
several hundred loose quartz grains from 
a granite, a gneiss, and a mica schist. 
The samples were obtained from deeply 
weathered till stones which could be 
reduced to their constituent grains with- 
out breakage, and the grains selected 
for measurement by picking them out 
of a population of quartz, feldspar, mica, 
and amphibole grains under a binocular 
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microscope. No attempt was made to 
separate the feldspar from the quartz, as 
such would have been very tedious and 
it was anticipated that the shapes of 
both would vary in similar fashion in the 
two rock types. The results of the meas- 
urements substantiated the validity of 
this expectation. The ratios obtained 
should be fairly close to the actual values, 
as the stable position of repose which 
each grain tends to assume when scat- 
tered on a slide is one in which the long 
axis and one of the other two axes lie 
in the plane of the microscope stage. 


RESULTS 


The results of each step are discussed 
separately and then considered together. 
First to be examined are those involving 
the thin sections from the Stanley and 
Jackfork sandstones. In table 1 are 


tabulated for 30 thin sections the per- 
centages of grains that fall into each 
elongation-ratio class. The average value 
is given at the foot of each column, and 
these averages graphically represented 


ELONGATION QUOTIENT 


Fic. 1.—Elongation distributions of approximately 3000 quartz grains from Stanley and 
Jackfork sandstones. Small histogram indicates grouping of classes for analysis. 
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in the two histograms of figure 1. Each 
slide is based on at least one hundred 
grains, so that each histogram portrays 
the elongation distribution of about 1500 
grains. Table 3 gives the average values 
for the mean, median, mode, and stand- 
ard deviation. 

Examination of the tables and histo- 
grams reveals the following facts: 


1. The mean elongation of all Stanely thin 
sections is less than that of any Jackfork 
section; the average values differ by 0.16 
(1.71-1.55). 

2. The medians likewise differ, the amount 
for the over-all averages being 0.18 (1.58-1.40). 

3. The modal class of the Stanley histogram 
is the 1.0-1.2 class, and of the Jackfork the 
1.4-1.6 class. 

4. The standard deviations of the two are 
not significantly different. 


The differences amount to 13 per cent 
in the case of the median, 10 per cent 
for the mean, and 35 per cent for the 
mode. Although relatively small, their 
persistence and uniformity throughout all 
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the samples measured indicates that they 
are significant. 

To facilitate analysis of these differ- 
ences, the classes have been placed in 
four groups. Reference to the histograms 
(fig. 1) is helpful here. Group I consists 
of the 1.0-1.2 and the 1.2—1.4 classes; 
Group JI] the 1.4-1.6 and the 1.6-1.8 
classes; Group III the 1.8-2.0, the 2.0— 
2.2, and the 2.2—2.4 classes; and Group 
IV the greater than 2.4 class. Table 2 
lists the percentages in each group for 
both the Stanley and Jackfork and the per 
cent by which the larger exceeds the 
smaller within each group.The greatest 
differences between the Stanley and Jack- 
fork appear in Groups I and III and the 
smallest difference in Group II, This 
suggests that a population of grains from 
either a Stanley or a Jackfork sandstone 
consists of a mixture of two end members, 


TABLE 2 


Group 


Sandstone 


III 


Stanley 15 
Jackfork 25 


Difference 68 
(Per cent) 


represented by Groups I and III (and 
IV), which range over a considerable 
latitude of values, their contiguous ex- 
tremes overlapping. This zone of overlap 
is represented by Group J]. Fluctuations 
in the amount of either end member pres- 
ent are considerably greater than varia- 
tions in the mixed zone, as it shares the 
attributes of both end members. Group 
IV contains only a small percentage of 
the populations and is not instrumental 
in determining the characteristics of the 
distributions. It may possibly be related 
to the tendency of quartz to fracture into 
splintery grains (Alling, 1950, p. 140). 

\t now remains to be seen what signif- 
icance can be attached to the end mem- 
bers defined on the basis of the elonga- 
tion distributions. The results of the 


second step in the investigation are 
germane to this matter. The histograms 
of figure 2 summarize the quartz (and 
feldspar) grain elongation characteristics 
of a granite and a mica schist. The histo- 
grams are quite dissimilar and at the 
same time bear a striking resemblance to 
those of the Stanley and Jackfork sand- 
stones, respectively. Table 3 summarizes 


the comparable parameters. The median 
for the schist is 23 per cent greater than 


TABLE 3 


Stan- | Gran- 
ley ite 


Jack- 
fork 


Parameter Schist 


1.55 
1.40 
1.10 


2.10 


1.43 
1.38 
1.30 


1.60 


1.71 
1.58 
1.50 


2.20 


1.75 
1.70 
1.50 


2.30 


Deviation 


that for the granite, the median of the 
Jackfork 13 per cent greater than that 
of the Stanley. Examination of a number 
of additional grains revealed the fact 
that many fragments from the schist are 
considerably flattened, a fact that would 
not be apparent from the elongation 
measurements. 

The obvious conclusion to be drawn 
from the data is that the detritus (Stanley 
graywackes) characterized by the smaller 
mean grain elongation is primarily of 
igneous derivation, whereas that char- 
acterized by the larger average grain 
elongation (Jackfork sandstones) came 
primarily from metamorphic sources. 
No method presents itself for determining 
the actual percentages of igneous and 
metamorphic grains in any given sample, 
each one being a mixture of two end 
members, as previously pointed out. The 
statistical approach has two advantages, 
however. First, the subjective element is 
practically eliminated, and second, in- 
dividual grains do not have to be arbi- 
trarily assigned to one or the other of the 
two provenance classes, a thing which 
may often be impossible to do, since a 
grain falling in the area of overlap could 
belong to either class. Rather, whole 
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populations of grains can be treated 
statistically and described by certain 
significant parameters and these param- 
eters compared. 


CONCLUSION 


It has been shown that quartz can be 
used as a tool in reconstructing the soure- 
es of clastic sediments in a manner that 
takes into account only those character- 
istics which are actually definitive and 
evaluates them in a manner that mini- 
mizes the subjective tendencies of the 
observer. Further refinement of the clas- 
sification so obtained many be possible 
but awaits further investigation. The use 
of quartz in provenance analysis should 


ELONGATION QUOTIENT 
Fic. 2.—Grain elongation distributions of a granite and a mica schist. 
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afford a valuable supplement to heavy 
mineral studies, which up until the pres- 
ent have been the primary concern of 
the sedimentary petrologist. In many 
cases the use of quartz may be particu- 
larly valuable, as the apparent ease with 
which many heavy minerals are affected 
by intrastratal solution makes all but 
the most recent assemblages suspect. 
Those of many older Paleozoic sediments 
may represent only the most stable rem- 
nants of a once much more diversified 
suite, and thus be practically useless for 
provenance studies. Such is not the case 
with quartz, which should be a usable 
too) in all sediments which have not been 
so altered that the original grain bound- 
aries are no longer recognizable. 
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RELATION OF SURFACE ANGLE DISTRIBUTION TO PARTICLE 
SIZE DISTRIBUTION ON ALLUVIAL FANS 


ERICH BLISSENBACH! 
Universitit Miinchen, Germany 


ABSTRACT 


The rate of change in the maximum particle size along the radial profile of an alluvial fan 
approximately equals the rate of change in the slope of the fan surface. This relationship is 
found on non-dissected fans; it offers a possibility for reconstructing the surface of alluvial fans 


in cases where erosion and tectonic movements have obscured the original gradients. 


INTRODUCTION 


The purpose of the investigations 
described in this paper was to determine 
whether a relationship between the sur- 
face angle distribution and the particle 
size distribution on alluvial fans could 
be detected.2 Field studies were carried 
out on alluvial fans of the Santa Catalina 
and Tucson Mountains, southern Ari- 
zona, and on fans of the Aubrey Cliffs, 
northern Arizona. 

Both surface angle and particle size 
distribution were determined along the 
same radial profile of the alluvial fans. 
The angles of dip of fan surfaces were 
measured with the clinometer of a Brun- 
ton compass. The maximum particle 
size along certain points of the radial 
profile of a fan was determined in order 
to establish the particle size distribution. 
In both particle size and surface angle 
distribution curves, the horizontal axis 
denotes the distance from the apex on a 
particular fan. The vertical axis gives the 
maximum particle size in centimeters 
and the angle of dip of the fan surface 
in degrees, respectively. All scales em- 
ployed are of arithmetical order. 


1 Sponsored by Edwin D. McKee, Uni- 
versity of Arizona, Tucson, Arizona. 

2 This paper is part of a study on the 
geology of alluvial fans in Arizona submitted 
to the Department of Geology of the Uni- 
versity of Arizona, Tucson, as a Master’s 
thesis. The aid and counsel of Prof. Edwin D. 
McKee, under whose guidance this work was 
carried out, is sincerely appreciated. 


FINDINGS 


During the present investigation both 
a particle size and a surface angle dis- 
tribution curve were established for an 
alluvial fan of the Santa Catalina 
Mountains, Arizona. Where the scales of 
these curves were chosen so that both 
the maximum particle size and the sur- 
face angle at the apex of the fan were ex- 
pressed by the same length on the verti- 
cal axis, both curves were found similar 
(figs. 1 and 2). 

To determine whether a similar rela- 
tionship between surface slope and par- 
ticle size distribution was applicable to 
other alluvial fans, studies were carried 
out on an alluvial fan of the Tucson 
Mountains, Arizona (fig. 3), and on two 
fans of the Aubrey Cliffs, Arizona (figs. 
4 and 5). From the resulting diagrams 
(figs. 1 and 2; 3, 4 and 5) it appears that 
the rate of change in maximum particle 
size on these fans equals the rate of 
change in surface slope. 

The distribution curves shown in the 
figures are obtained from non-dissected 
fans, or from fans so dissected that they 
exhibit conspicuous fan-mesas from 
which the original surface dip can be 
read. No satisfactory results in establish- 
ing a relationship between particle sizes 
and surface slope were obtained on 
alluvial fans on which the original 
deposition surface had been largely de- 
stroyed by erosion. 
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Fic. 1.—Distribution of maximum particle sizes along a radial profile on an alluvial fan 
of the Santa Catalina Mountains, Arizona. 
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Fic. 2.—Distribution of angles of dip of the surface of an alluvial fan of the Santa 
Catalina Mountains, Arizona; along the same radial profile as in fig. 1. 
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Fic. 3.—Relation between maximum particle sizes and angles of surface slope on a talus 
slope and adjacent alluvial fan of the Tucson Mountains, Arizona. 
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Fic. 4.—Relation between maximum particle sizes and angles of surface slope on an 
alluvial fan of the Aubrey Cliffs, Arizona. 


DISCUSSION OF FINDINGS and surface slopes of coarse-clastic de- 

Both size of gravels and gradient of a posits follow exponential functions, as 
single stream are related, under the same demonstrated by Krumbein (1937), a 
general law, according to Barrell (1925). close relationship between particle size 
As distribution curves of particle sizes and surface slope distribution seems 


27 

250 25 

+ 
+ + 
° + 

+ 

; 
+ a & 
+ + (Nee 
70 
© 50 

3 

30 2 

20 
>. 
+4. 
= | P : 


ERICH BLISSENBACH 


MAX. PART. _ 


ANGLE OF DIP 


SIZE IN IN DEGREES 


+ 80 CM. 


MAX. PART. SIZE we 
ANGLE OF DIP 


70 


APEX MILE— 


BASE 


Fic. 5.—Relation between maximum particle size and angles of surface slope on an 
alluvial fan of the Aubrey Cliffs, Arizona. 


obvious. The writer believes that he has 
obtained field evidence for such a rela- 
tionship on alluvial fans. 

In a study of this phenomenon on an 
alluvial fan of the Tucson Mountains, 
Arizona, a talus slope between the 
mountain front and the apex of the fan 
was included in the investigation. From 
the diagram obtained (fig. 3) it appears 
that the relationship found for alluvial 
fans may also be applicable to talus 
slopes. Such a relation between the rates 
of change in particle size and surface 
slope may constitute one of the funda- 
mental principles controlling the sedi- 
mentation of most coarse detritus. 

The practical importance of this close 
relationship rests in the possibility of 
assigning a certain surface slope distribu- 


tion to a given particle size distribution, 
and vice versa. Such procedure might 
nelp to reconstruct surfaces of deposition 
in cases where erosion or tectonic move- 
ments have obscured the original gradi- 
ents. 

For further studies it is suggested that 
the mean particle size be employed to 
establish particle size distribution on 
alluvial fans and that accurate surveying 
instruments be used to determine the 
slope of fan surfaces. In order to investi- 
gate whether a relationship between 
surface slope and particle size distribution 
is applicable to clastic deposits other 
than those of alluvial fans, studies 
should be carried out on river and beach 
sediments. 


REFERENCES 
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POSSIBLE UTILIZATION OF ELECTROPHORETIC PHENOMENON 
FOR SEPARATION OF FINE SEDIMENTS INTO GRADES 


GEORGE TCHILLINGARIAN 
University of Southern California 


ABSTRACT 
Cataphoretic velocities appear to be a suitable means for estimating the grain size of fine 


sediments. 


ACKNOWLEDGMENT 


The investigator is indebted to Dr. 
K. O. Emery and Dr. D. H. Larsen for 
suggesting the problem and contributing 
some helpful advice. 


INTRODUCTION 


Complex phosphates and_tanstuffs, 
which are the most effective dispersing 
agents, are capable of yielding spatially 
extensive anions which plate the clay 
particles of sediment suspensions. The 
complete plating of all the clay particles 
yields maximum deflocculation, probably 


because particles on gaining more nega- 
tive charges repulse each other with 
greater strength. Therefore it was be- 
lieved that on adsorption of negative 
charges, the clay particles of various 
sizes will exhibit different response to an 
electric field. 

The formula for electrophoresis as 
shown in various textbooks is: u= 
¢XK/4rn (Thomas, 1934, p. 228) 
where u is volocity of suspended particles; 
K, dielectric constant of medium; X, the 
potential gradient resulting from the 
applied e.m.f.; ¢, difference in potential 
between the layers of charges affixed to 
the particles and the layer of balancing 
charges in the liquid bathing the parti- 
cle; n, viscosity of the medium through 
which the particle is moving. This for- 
mula shows that the velocity of a particle 
is independent of its shape or size. 


APPARATUS 


The apparatus used for this work uti- 
lizes the ultra microscope principle of il- 


lumination, with the electrophoretic cell 
immersed in a water thermostat. A 
galvanometer lamp provides an adequate 
source of illumination, the water in the 
thermostat serving as a filter for the heat 
rays. The electrophoretic cell is made 
from Pyrex glass, with capillary tubes of 
uniform bore and ground-in hollow stop- 
pers to which the electrodes are attached 
(fig. 1). 

The use of platinum electrodes enables 
the whole cell to be cleaned with chromic 
acid and a coating of platinum black on 
the surface minimizes the gas evolution. 
The volume of the suspension to fill the 
cell is about 3 to 4 ml. 


EXPERIMENTAL METHODS 


The kaolinite clay which had been 
leached and dialized was used in the 
present work. Monodisperse fractions in 
microns (1 to 2, 2 to 4, and 4 to 6) 
were obtained by means of ultra-centri- 
fuge with settling times computed by 
Stokes’ law. Sodium hydroxide, the dis- 
persing agent, was measured in terms of 
millimoles per gram of dry clay. The 
suspension was aged for three days before 
any mobility determinations were made. 
An e.m.f. of 100 volts, supplied by 
batteries, was impressed across the elec- 
trodes and the passage of individual 
particles across one division on the ocular 
scale was timed with a stopwatch. 


EXPERIMENTAL RESULTS 


Table 1 shows the variation of velocity 
in microns with different concentrations 
of NaOH. 
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Fic. 1.—Apparatus for cataphoretic velocity determinations. 


In figure 2, the particle size in microns 
is plotted against cataphoretic velocity. 
An inverse relationship between size and 
velocity of clay particles treated with 
NaOH is shown. Results shown in table 1 
also demonstrate that the velocity of 
clay particles without NaOH is inde- 


pendent of particle size. The greater 
velocity of small clay particles can be 
explained by the fact that when clay 
particles are broken into smaller sizes, 
they give rise to more edges and corners 
which constitute the adsorption areas of 
kaolinite particles. 
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Fic. 2.—Velocity of clay particles towards positive electrode versus particle size. 


TABLE 1.—Velocity of kaolinite particles with 
varying concentration of NaOH 


NaOQH— 
M.Mol./Gm. 
Clay 


Velocity— 
/Sec./Volt/Cm. 


3.9 
6.13 
6.5 


The dispersing action of NaOH is 
apparently due to adsorption of the OH 
ions on the clay particles. Table 1 shows 
that the velocities of the clay particles 
increase with increased concentration of 
NaOH. However, this effect is less with 
greater concentration of NaOH, probabiy 
because unsaturated bonds of kaolinite 
particles are eventually satisfied on 


addition of OH~ ions. When the addition 
of this electrolyte is carried beyond the 
range indicated, a flocculation of the 
system occurs because the excess influx 
of Nat ions results in neutralization of 
OH ions adsorbed on clay particles. 
This behavior has also frequently been 
observed by the investigator in drilling 
muds. 


CONCLUSIONS 


It was found that an inverse relation- 
ship exists between the size of kaolinite 
clay particles soaked in NaOH and 
cataphoretic velocity. This relationship 
can possibly be utilized in separating 
kaolinite clay particles into various size 
grades. However, before an apparatus 
can be designed for this purpose, further 
investigation must be done in order to 
find out whether such relationship holds 


true for montmorillonite and illite clays. 
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In addition it is also believed that concen- cataphoretic velocity, which should also 
tration will have some effect upon be evaluated. 
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Symposium on Microbiology in Relation to the Geologic 
Accumulation of Organic Complexes 


This symposium was presented before a joint meeting of the Paleo- 
botanical and Microbiological Sections of the Botanical Society of 
America, December 28, 1949. It is published here because of its ob- 
vious interest to sedimentary petrologists. 

The complete symposium consisted of the following papers: 


Degradation of plant tissues in organic sediments. E. S. Barghoorn. 

Part played by bacteria in petroleum formation. Claude E. ZoBell. 

The function of micro-organisms in the organic matrix regarded as 
the mother substance of petroleum. A. C. Thaysen. 

How important was decay in the origin of Paleozoic coals? James M. 
Schopf. 

Mechanism of cellulose degradation by chemical and _ biological 
agents. Ralph G. H. Siu. 


Depositional environment of source materials forming organic sedi- 
ments. Irving A. Breger. 


An additional paper, given on the program immediately preceding 
the symposium, was the following: 


A comparison of tissue preservation in coalified and silicified logs. 


Aureal T. Cross. 


The first two papers are presented in the following pages of this 
number of the Journal. The paper by Breger has been published else- 
where. The remaining papers of the symposium may be expected to 
appear in subsequent issues of the Journal. 
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DEGRADATION OF PLANT TISSUES IN ORGANIC SEDIMENTS' 


ELSO S. BARGHOORN 


Biological Laboratories and Botanical Museum, Harvard University, 


ambridge, Massachusetts 


ABSTRACT 


The carbon cycle is described as a series of biological and geol 


ical processes comprising 


two phases: a degradative and an accumulative phase. A distinction is drawn between environ- 
ments in which aerobic microbiological changes proceed at a rapid rate, as in soil, and anaerobic 
environments in which processes of decomposition are at a minimum, as in shallow basins such 
as swamps and bogs. It is suggested that there exists a spectrum of organic decay in which the 
aerobic processes are at one extreme while anaerobic conditions resulting in organic accumula- 
tion are at the other extreme. The degree of change and the duration of the change vary pro- 


foundly throughout this spectrum, 


Various degrees of decomposition are illustrated with examples of woody materials whose 
environments of deposition are known and, for the more recent material, whose ages were 


determined by the carbon isotope method. Photomicrographs and detailed descriptive data are 


presented. 


Degradation and ultimate decomposi- 
tion of organic substances in nature is one 
phase of a larger process which has been 
aptly designated the carbon cycle. The 
carbon cycle in its broader aspects is a 
series of biological and geological proc- 
esses featured by two antithetic phases. 
One of these is a degradative phase; the 
other, an accumulative phase. The two 
phases are inordinately unbalanced in 
nature with the result that the yast 
majority of organic carbon is rapidly 
returned ta an inorganic form or chemi- 
cally entombed in inorganic sediments. 
Because of this imbalance the carbon 
cycle, in biological terms, is most gener- 
ally thought of only in reference to its 
degradative aspects. It is obvious, how- 
ever, even by casual consideration, that 
in “geologically permanent” and Jarge- 
scale accumulations of organic complexes, 
such as the fossil fuels (coal, petroleum 
and natural gas), we are concerned essen- 
tially with major deviations from rather 
than participation in the carbon cycle as 
ordinarily visualized. 

1 Paper presented at a joint meeting of the 
Paleobotanical and Microbiological sections of 
the Botanical Society of America, December 
28, 1949, as a part of the symposium on 


“Microbiology in Relation to the Geologic 
Accumulation of Organic Complexes.” 


The present world-wide, growing eco- 
nomic dependence upon fossi) energy and 
the foreseeable limitation of these re- 
sources (Hubbert, 1949) should logically 
direct interest toward the causative and 
accumulative aspects of the cycle of car- 
bon and the examination and analysis 
of processes whereby organic residues 
persist in nature. In a certain sense the 
study of the accumulation of plant resi- 
dues and their subsequent alteration 
constitute an area of botanical investiga- 
tion which fies between microbiology on 
the one hand and the geological and 
chemical aspects of sedimentation on the 
other. In the following discussion interest 
is centered on the role of woody plant 
tissues and the changes they undergo in 
the formation of organic sediments. 

The ultimate fate of organic complexes 
in nature is determined by diverse fac- 
tors of the environment, physical, chemi- 
cal and biological. Among the biological 
agents most effective in the degradative 
modification of plant substances are the 
ubiquitous organisms grouped in the 
fungi and bacteria (Waksman, 1930, 


1938). Microbiological activity, and re- 
sulting organic breakdown, is ordinarily 
most rapid in a warm, moist, highly 
aerobic environment. These conditions 


} 


DEGRADATION OF PLANT TISSUES 1N SEDIMENTS — 35 


are probably fulfilled to the greatest 
degree in the upper levels of stable soils, 
particularly those in humid _ tropical 
climates. If the environment is exces- 
sively wet, and particularly if the avail- 
ability of oxygen becomes deficient, 
however, the rate of degradation is 
greatly reduced. Processes of decomposi- 
tion are at a minimum in stagnant, 
poorly drained, shallow basins such as 
swamps and bogs. Under these physical 
conditions the accumulative phase ex- 
ceeds the degradative phase, and there 
results a gradual accretion of variously 
modified plant residues. In discussing the 
many factors involved in degradation 
and preservation of plant tissues, it is, 
therefore, desirable that a meaningful 
distinction be drawn between environ- 
ments in which aerobic microbiological 
changes proceed at a rapid rate, as in 
soil, and the anaerobic environment ob- 
taining in basins of aquatic deposition. 
This distinction is basic since the charac- 
ter of degradative change is greatly 
influenced by the degree of these con- 
trasting conditions of biological and 
physical environment. It might almost 
be said that there exists a spectrum of 
organic decay in which the various 
aerobic processes which operate in the 
soil are at one extreme, while at the 
other extreme are the conditions of 
anaerobic submergence resulting in or- 
ganic accumulation. Throughout this 
biological spectrum microbial processes 
induce physical and chemical changes in 
plant tissues incorporated in sediments, 
but the degree of change and the dura- 
tion of change vary profoundly. 

Some understanding of the degradation 
of plant tissues is of much significance in 
the adequate histological interpretation 
of many types of plant fossils, since the 
variously altered remains of plant frag- 
ments actually comprise the major 
source of our knowledge of the paleonto- 
logical record of evolution of plant life. 
For the most part these fragmentary 
sources are plant remains which for- 
tuitously entered basins of sedimentation 
in which degradative changes proceeded 


to varying degrees, were retarded, and 
eventually almost inhibited. Under cer- 
tain poorly known physical and chemical 
conditions the infiltration of mineral 
salts in solution and their subsequent 
precipitation have resulted in unusually 
perfect preservation of original structure, 
as is well known in many silicified and cal- 
careous petrifactions (pl. 1, figs. 5 and 6; 
compare with pl. 2, fig. 4). The sequence 
of events which precede mineralization, 
however, appears to be essentially similar 
to that which prevails in any accumula- 
tion of plant remains, such as in the for- 
mation of peat and other carbonacecus 
sediments (Barghoorn, 1949b). Where 
seems to be no evidence that specia! 
environmental conditions have _ been 
responsible in the past for what might 
be termed ‘‘biological fixation”’ of miner- 
alized plant fragments, i.e., their unusual 
retention of organic structure. The un- 
usual conditions, in the case of petrified 
plant tissues, seem to be those leading to 
mineral precipitation rather than to the 
degradative alteration of the constituent 
plant tissues. It might justifiably be 
stated as a generalization that: In the 
anaerobic degradation of plant tissues 
in sediments of various geologic age there 
are involved fundamentally similar proc- 
esses, and that these degradative proc- 
esses are directly related to basic 
physical, chemical and structural features 
of the plant cell wall. 

In plant tissues entombed in mineral 
or organic sediments one of the out- 
standing physical and chemical changes 
is characterized by gradual reduction in 
the amount of initial cellulose. Depend- 
ing on the degree of anaerobic, or 
reducing conditions in the environment, 
there results a variable degree of ‘“‘humifi- 
cation” and subsequent ‘coalification.” 
It should be noted that in the early 
stages of aerobic degradation ‘“humifi- 
cation” is largely a function of aerobic 
processes. However, all degraded plant 
tissues, whether ‘“humified’’ or only 
slightly visibly altered in color or form 
are characterized by a significant reduc- 
tion of original cellulose. The extent of 
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loss of cellulose is, therefore, basically an 
index of the degree of chemical and 
physical degradation (Jurasky, 1938; 
Barghoorn and Spackman, 1950). In 
view of this fact, which is well supported 
by anatomical and microchemical study, 
it is of interest to examine in detail the 
structural changes which occur during the 
early stages of the degradation of the 
cell wall (pl. 1, figs. 1-4). 

To orient the significance of histologi- 
cal and chemical change in the degrada- 
tion of plant tissues it is desirable to note 
certain aspects of the basic structure of 
the plant cell wall. As lucidly demon- 
strated in recent years by Bailey and 
co-workers, the plant cell wall is com- 
posed at its inception, after cell division, 
of an outernfost layer, the primary wall. 
The primary wall, a cellulosic ‘‘pellicle’’, 
which is the initial and delimiting wall 
layer ordinarily increases in surface area 
and may vary greatly in thickness during 
growth and enlargement of the cell 
(Bailey, 1938; Bailey, 1940; Bailey and 
Kerr, 1935). Internal to the primary wall 
a secondary wall is frequently developed. 
In many cells and tissues which lack 
secondary walls, the primary wall may be 
relatively thick and occasionally com- 
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prises the entire cell wall. In wood and 
woody plant tissues, however, thick 
secondary walls characterize the major 
topographic and structural features of 
many tissues and organs. The secondary 
wall generally is composed largely of 
cellulose with lignin and other substances 
interpolated in close physical relationship 
within the cellulosic framework (Freuden- 
berg, 1932; Frey-Wyssling 1935; Bailey, 
1940). The cellulosic fraction of the 
wood cell wall shows a distinct bire- 
fringence when observed in polarized 
light. With due regard to certain chemical 
variables these two major constituents 
of the plant cell wall, therefore, may be 
distinguished by direct visual observa- 
tion in polarized light, provided, because 
of its abundance, the one does not obscure 
the other. 

The secondary wall, as distinct from 
the primary wall, in woody tissues often 
shows three discrete layers, which differ 
in the orientation of their cellulosic 
aggregates and in their degree of lignifi- 
cation. The innermost and outermost of 
these wall layers comprise relatively thin 
lamellae, whereas the central layer is 
usually much thicker. The central layer 
most commonly shows a helical or verti- 


DESCRIPTION OF PLATE 1 


Fic. 1.—Transverse section of wood from white pine stump recovered from post-glacial sedi- 
ments found in Boston, Massachusetts, associated with an archaeological site. Age by Carbon 
14 determination 3851 +390 years. Note total degradation of the cellulose of the central and 
inner layers of the secondary wall in each tracheid, whereas the outer layer of the secondary 
wall and Speen primary wall is visibly intact. Stained with Ruthenium Red. 630. 

Fic. 2.—Transverse section, same specimen shown in fig. 1. The cellulosic nature of the 
degraded residue is demonstrated by extraction of the residual lignin. That the cellulosic 
residue consists in large part of the first-formed layers of the secondary walls is shown by re- 
tention of the pit torus, a structure of the primary wall. At lower left is a tracheid retaining its 
secondary wall. Stained with Ruthenium Red. X690. 

Fic. 3.—Transverse section, same specimen shown in fig. 1, Lignin residue of “rot holz’’ 
tissue of degraded wood following extraction of cellulose with 72 per cent sulfuric acid. The 
more highly lignified primary walls are well shown by the degree of coherence of the wall layers 
adjacent to the intercellular substance. Compare with figs. 1 and 2. X 400. 

Fic. 4.—Transverse section, same specimen shown in fig. 1. Lignin residue of normal wood, 
following extraction of cellulose with 72 per cent sulfuric acid. Note the large amount of wall 
substance retained, indicating the preponderance of lignin and hence the very small amount 
of persisting cellulose. Compare with fig. 2. X400. 

Fic. 5.—Transverse section of stem wood of Robinia Pseudo-Acacia L. showing characteristic 
tylose development in the large early wood vessels. Untreated, stained with Heidenhains iron- 
alum haematoxylon and safranin. X50. 

Fic. 6.—Transverse section of silicified stem wood of Robinia sp. from the Tertiary (Mio- 
cene?) of Montana. Note remnants of tylose walls and retention of the original structural pat- 
tern. Removal of the silica by hydrofluoric acid and examination of the section between crossed 
Nicols shows the absence of a birefringent cellulose residue. X 
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cal orientation of its cellulose while the 
inner and outer layers show a more or 
less transverse orientation. All three 
cellulosic layers may be infiltrated to 
varying degrees by so-called encrusting 


substances such as_ terpenes, resins, 
tannin, lignin and other protective 
chemical complexes. In addition to 


lignin these subsidiary substances may 
exert inhibition upon biological and 
chemical degradation 

The anaerobic degradation of wood, in 
accumulations of recent geologic age, 
provides evidence indicating a uniform 
and consistent sequence of degradative 
changes. This sequence shows a funda- 
mental relation to the lamellar structure 
of the cell wall (Barghoorn, 1949a). In 
organic sediments, the sequence of break- 
down is most frequently in the following 
order: 


a) Central layers of the secondary wall 
b) Innermost layer of the secondary wall 


c) Outermost layer of the secondary wall 
d) Primary wall. 


A pronounced difference in the rate of 
degradation of various cellulosic layers 
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of a single cell wall presents an apparent 
paradox in the histology and the chem- 
istry of cellulose degradation whether 
this degradation be primarily biological 
or chemical. It should be noted in con- 
sidering the problem that differential 
degradation of cellulosic lamellae is not 
an isolated phenomenon, but is appar- 
ently a consistent feature of the anaerobic 
decomposition of plant tissues. Two 
plausible explanations for this seemingly 
selective degradation of cellulose in 
contiguous layers of a cell wall are 
evident. One of these is the existence in 
the cellulosic matrix of substances which 
selectively retard the hydrolysis of cellu- 
lose. Another possible explanation implies 
essential chemical differences in the 
cellulosic framework of the more resistant 
lamellae of the cell wall. The first of the 
two explanations relies largely upon the 
well-known inhibitory effect of lignin on 
degradation of woody tissues, since 


lignin is clearly a primary factor in 
retarding the action of many fungi and 
most bacteria on wood cellulose (Glson, 
Peterson and Sherard, 1937; Virtanen, 
Koistinen and Kiuru, 1938). However, 


DESCRIPTION OF PLATE 2 


Fic. 1.—Tangential longitudinal section of stem wood of Cyrilla sp. from the Tertiary 
(Oligocene?) Brandon lignite of Brandon, Vermont. Note differences in the extent of struc- 
tural deformation between the prosenchymatous wood elements and the cells of the rays. 
Extraction of the “lignin” indicates a small residue of persisting cellulose, chiefly in the less 
distorted cell walls of the rays. X120. 

Fic. 2.—Transverse section of stem wood of Cyrilla sp. from the Brandon lignite. The iso- 
lated area of structurally preserved cells is associated with wound tissue, as shown in the upper 
portion of the figure. Compare with fig. 3. X 135. 

Fic. 3.—Transverse section of stem of Cyrilla sp. from the Brandon lignite showing pith 
and the structurally preserved wood of the first growth ring. Differential degradation of the 
tissues is indicated by comparing the structurally preserved areas with the peripheral, degraded 
and collapsed tissue. Such pronounced differences in preservation of structure indicate that the 
appearance of compression is effected not only by physical forces but also by chemical degrada- 
tion of the wall substance. X40. 

Fic. 4.—Transverse section of root wood of white oak, found in situ in post-glacial sedi- 
ments, Boston, Massachusetts. Age by Carbon 14 determination 5750 +500 years. The wood 
is in an advanced stage of degradation of the type which characterizes deterioration of woody 
plant tissues under anaerobic conditions. Microchemical examination of the wood indicates a 
small percentage of retained cellulose, slightly more than in the Tertiary lignite shown in figs. 
1-3. X80. 

Fic. 5.—Longitudinal section of root of Scirpus cyperinus showing the distinctive idioblast 
cells which feature the epidermis of the root. K 135. 

Fic. 6.—Root epidermis from post-glacial peat, Boston, Massachusetts. Age by Carbon 14 
determination 5750 +500 years. The root is probably referable to the genus Scirpus. Epidermal 
cells, not detectably cutinized, suberized or lignified, are structurally intact, indicating the 
pronounced resistance to anaerobic degradation of their cellulosic cell walls. The persisting 
cellulose residues comprise chiefly primary cell walls. 135. 
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examination of plant remains from 
fibrous post-glacial peats often shows 
that a large portion of the recognizable 
fragments in these accumulations con- 
sist primarily of delicate and unlignified 
plant residues (pl. 2, figs. 5 and 6). 
Conspicuous among these are the roots, 
rhizomes, and in some cases, root hairs of 
herbaceous plants (Barghoorn, 1949a). 

Anatomically preserved, delicate tis- 
sues in peats are predominantly those 
parts of the plant, namely roots and 
rhizomes, which entered (by growth) 
into the underlying anaerobic environ- 
ment in the living condition and were 
hence not exposed, after their death, to 
aerobic processes which effect decom- 
position on the surface of accumulation. 
The aerial parts of these plants, on the 
other hand, after their death, ordinarily 
are rapidly decomposed by aerobic 
processes on the surface, and it is these 
degraded fractions which comprise the 
bulk of the amorphous and humified por- 
tions of peats. Anatomically, therefore, 
structurally preserved residues in fibrous 
peats often consist primarily of unligni- 
fied primary walls, and it is a paradox 
that the delicate tissues of various 
plant organs are more resistant to anaero- 
bic degradation, even though totally 
unlignified, than are cells of tissues 
possessing thick and frequently heavily 
lignified secondary walls. It seems diffi- 
cult to interpret such selective degrada- 
tion of cellulose in different layers of the 
plant cell wall except in terms of funda- 
mental differences in the cellulosic mole- 
cular structure of successively formed 
lamellae of the wall. 

That ultimate complete degradation 
of cellulose in woody tissues may be 
delayed even in terms of geologic time 
is well shown by examination of many 
lignites of Tertiary and Mesozoic age 
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(Mitchell and Ritter, 1934; Jurasky, 
1938; Barghoorn and Spackman, 1950). 
In Tertiary sediments lignitized wood 
may retain a large fraction of its initial 
cellulose even though in a highly de- 
graded condition (pl. 2, figs. 1-3). The 
intensely lignified bony endocarps, or 
stone fruits, common in certain Tertiary 
lignite deposits sometimes possess as 
much as 50 per cent of their original 
carbohydrate fraction, predominantly 
cellulose (Barghoorn and Spackman, 
1950). In geologically older deposits or 
in deposits which have undergone exten- 
sive tectonic disturbance there is com- 
plete elimination of detectable cellulose. 

The role of cellulose, which comprises 
an estimated one-third of all vegetable 
plant substance in nature, is therefore 
of primary interest in detailed considera- 
tion of the source material in geologically 
recent organic accumulations, even 
though non-cellulosic components, par- 
ticularly lignin and its derivatives, 
comprise the bulk of the plant remains 
recoverable from these sediments. In 
the aggregate, however, a large fraction 
of plant substance which enters sediments 
is cellulosic and of this an appreciable 
fraction remains after the presumed 
cessation of active microbiological proc- 
esses. The remaining cellulose clearly 
undergoes ultimate conversion to other 
chemical complexes. In terms of geologic 
processes it is apparent, therefore, that 
all components of the initial plant sub- 
stance participate in the accumulative 
phase of the carbon cycle, although in 
widely differing proportions and through 
fundamentally different bio-chemical and 
geo-chemical processes. A_ perplexing 
problem which still remains empirical is 
the quantitative participation of cellu- 
lose in this over-all accumulative phase in 
the organic cycle of carbon. 
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PART PLAYED BY BACTERIA IN PETROLEUM FORMATION! 
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ABSTRACT 


Biochemically versatile bacteria, capable of catalyzing a good many chemical reactions, 
occur abundantly in recent marine sediments. Living bacteria detected in certain petroliferous 
formations at appreciable depths are believed to be indigenous species in a state of dynamic 


equilibrium with their environment. 


If petroleum is formed from organic matter, it is almost axiomatic that bacteria have con- 
tributed to the process, because the organic remains of both plants and animals are susceptible 
to microbial modification. In recent marine sediments bacteria tend to convert organic com- 
pounds into humus and other substances approaching the elementary composition of crude oil. 

Besides producing methane as an end-product of metabolism, certain bacteria synthesize 
small quantities of liquid and solid hydrocarbons as an integral part of their cell substance. 

Anaerobic bacteria found in sediments catalyze the oxidation of molecular hydrogen with the 
formation of methane, hydrogen sulfide, saturated compounds, and other substances that may 


occur.in oil fields. 


ity. 


Crude oil in contact with water may be slowly modified in various ways by bacterial activ- 


Bacteria may contribute to the migration and accumulation of oil by promoting its libera- 


tion from oil-bearing sediments. 


Although many theories have been 
advanced (Brooks, 1936; Skelton and 
Skelton, 1942) to account for the 
origin of oil, the reactions resulting in the 
formation of petroleum are still obscure. 
It is generally agreed, however, by pe- 
troleum geologists (Cox, 1946) that 
crude oil was formed from the organic 
remains of plants and/or animals in a 
marine environment at pressures mostly 
less that 5,000 psi, and at relatively low 
temperatures, the maximum being in 
the neighborhood of 100°C. for most oil 
basins. 

Based upon the premise that organic 
matter is the mother substance of 
petroleum, it is almost axiomatic that 
bacteria and allied microorganisms must 
have contributed to the process, because 


* Contribution from the Scripps Institu- 
tion of Cceanography, New Series 569. This 
paper is a contribution from American Petro- 
leum Institute Research Project 43A. 

Paper presented at a joint meeting of the 
Paleobotanical and Microbiological sections of 
the Botanical Society of America, December 
28, 1949, as a part of the symposium on 
“Microbiology in Relation to the Geologic 
Accumulation of Organic Complexes.” 


virtually all known types of organic 
matter are susceptible to microbial modi- 
fication in marine sediments. Moreover, 
microorganisms may have played a part 
in conditioning the marine environment 
by virtue of their effect on the hydrogen- 
ion concentration, redox potential (Zo- 
Bell, 1946a), state of sulfur, gas tension 
carbonate content, and other properties 
of sediments (ZoBell, 1942, 1943). 


BACTERIA IN PETROLIFEROUS SEDIMENTS 


Recent marine sediments rich in 
organic matter contain large numbers of 
living bacteria (ZoBell, 1938). Although 
their abundance decreases with depth 
(ZoBell and Anderson, 1936), significant 
numbers have been detected at the bot- 
tom of the longest marine mud cores that 
have been examined for the presence of 
bacteria. Rittenberg (1940) demonstrated 
the presence of numerous bacteria 
throughout the length of several cores, 
some of which were 350 cm long. Living 
bacteria have been detected in carefully 
collected cores taken near shore with a 
pile driver from depths ne 150 
feet. 
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Bastin (1926), Gahl and Anderson 


(1928), Bastin and Greer (1930), Ginter’ 


(1930), Ginsburg-Karagitscheva (1933), 
Miiller and Schwartz (1949), and several 
others have reported finding bacteria in 
reservoir fluids from depths ranging 
from a few hundred to several thousand 
feet. While there is some question as to 
whether these bacteria are contaminants 
or species indigenous to the formation 
where found, evidence is being accumu- 
lated, strongly suggesting that bacteria 
live in certain petroliferous formations. 
For example, Miiller (1944) found bac- 
teria in 13 out of 38 aseptically collected 
side-hole samples from oil sands and oil- 
bearing limestones. Similarly we have 
found bacteria in part of the cores col- 
lected from oil or sulfur wells, with all 
possible precautions being taken to 
exclude _ contamination. 

Finding no bacteria in certain samples 
proves that reservoir fluids and oil-well 
cores can be collected without contami- 
nation, there being no reason to suspect 
the presence of indigenous microflora in 
all formations. If bacteria are alive and 
active, most likely they will be found 
only in formations containing sufficient 
water, minerals, available carbon, and 
energy source. Moreover, other environ- 
mental conditions such as pressure, tem- 
perature, pH, Ey, lack of toxics, etc., 
must be conducive to the multiplication 
and metabolism of microorganisms. Even 
when present it is often extremely diffi- 
cult to detect bacteria in certain sedi- 
ments, since they may require long 
periods of incubation and special condi- 
tions for growth. It is amazing that some 
bacteria seem to withstand the shock 
of being transplanted abruptly from 
environments where extremes of tem- 
perature, hydrostatic pressure, salinity, 
redox potential, etc., prevail, to labora- 
tory conditions. 

Finding in  petroliferous sediments 
almost exclusively anaerobic  sulfate- 
reducing bacteria, and rarely any aerobes 
that predominate in surface soil and 
water, is highly significant, though not 


conclusive evidence, for their indigenous 


origin. Some of these have been shown 
to be able to grow in oil-well brines 
enriched with crude oil (ZoBell, 1950) or 
molecular hydrogen (ZoBell, 1947) as 
the sole source of energy. Also suggestive 
of the indigenous nature of certain bac- 
teria isolated from oil wells is the obser- 
vation that they grow best or exclusively 
at temperatures, pressures, and salinities 
characteristic of the formation. Recently 
we have worked with sulfate-reducing 
bacteria from depths of 9,000 feet which 
were most active at around 5,000 psi, 
whereas most bacteria isolated from near 
surface material are inhibited or killed 
when subjected to such _ hydrostatic 
pressures (ZoBell and Johnson, 1949). 

That bacteria may be active in petro- 
liferous sediments is indicated by the 
frequent decreased sulfate and increased 
sulfide content of brines associated with 
crude oil. While inorganic reactions might 
account for the reduction of sulfate, it 
has been established that bacteria could 
be responsible for this change (Ginter, 
1934, ZoBell and Rittenberg 1948). Like- 
wise, the common absence of hydrogen in 
oil fields, where one might expect it as a 
by-product of radioactivity (Honig and 
Sheppard, 1946), bacterial fermentations 
(ZoBell, 1947), or certain chemical reac- 
tions (Nichols, 1941), may be attributable 
to the action of bacteria in sediments 
which utilize this gas. Observed changes 
with depth or age, in the amount and 
properties of organic matter in long 
cores of recent sediments, are believed to 
be attributable to bacterial activity, 
because in vitro tests under simulated 
conditions similar changes have been 
produced. 

While only a few specialized bacterial 
species have been detected in older 
sediments, there occur in recent sedi- 
ments a large variety of microorganisms 
capable of attacking all kinds of organic 
compounds as well as capable of catalyz- 
ing numerous inorganic reactions. In 
recent sediments both anaerobes and 
aerobes exist, the latter predominating 
in surface materials. The number and 
variety of chemical reactions known to 
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be catalyzed by bacteria far exceed 
those attributable to all plants and 
animals together (Stephenson, 1947) 
Bacteria owe their biochemical versa- 
tility to the vast array of enzymes 
(biocatalysts) which they produce. There 
are varieties that thrive throughout the 
entire range of environmental conditions 
encompassed by the “geological fence”’ 
for the origin of oil (Cox, 1946), and, in 
the presence of food and energy, they 
may multiply with amazing rapidity. 


MODIFICATION OF ORGANIC MATTER 


Except in preservative environments, 
the organic remains of plants and animals 
start to undergo microbial modification 
shortly after the death of the organisms. 
In the presence of free oxygen much of 
the organic material may be oxidized or 
mineralized by microorganisms with car- 
bon dioxide, ammonia, water, and sulfate 
being produced. In this process from 30 
to 40 per cent of the organic carbon 
may be converted into bacterial cell 
substance. Part of the latter may be 
quite complex, and together with com- 
plex organic substances of plants and 
animals that are also relatively resistant 
to microbial decomposition, go to make 
up marine humus. The humus content 
of marine sediments will be highest in 
environments where organic production 
is large, the rate of sedimentation is fast, 
and where conditions are anaerobic. It 
is in such environments that proto- 
petroleum is believed to be deposited. 

As elaborated by Waksman (1933, 
1935, 1936), humus is an accumulation 
of substances of plant, animal, and 
bacterial origin, that is fairly but not 
absolutely resistant to microbial decom- 
position. It has a higher carbon content 
than the plant, animal, or bacterial sub- 
stances from which it originated, usually 
52 to 58 per cent, and a lower nitrogen 
content. 

When buried in sediments, under 
favorable conditions marine humus may 
be slowly modified by a combination of 
microbial, chemical, physical, and geo- 
logical factors, with the formation of 
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crude oil by processes that are not well 
understood. In the complete absence of 
atmospheric oxygen, anaerobic bacteria 
slowly attack marine humus with the 
formation of substances which contain 
relatively less oxygen, nitrogen, sulfur, 
and phosphorus, leaving residual material 
relatively richer in carbon and hydrogen 
and consequently more like petroleum 
which consists largely of carbon and 
hydrogen. This may be illustrated by the 
following proximate analyses summarized 
in table 1. 


TABLE 1 
— Marine Crude 
humus oils 


Per cent | Per cent | Per cent 


Carbon 45-52 52-58 82-87 
Hydrogen 9 6-10 11-14 
Oxygen 25-30 12-20 | 0.1-5 
Nitrogen 9-15 0.8-3 0.1-1.5 


The pathways by which marine humus 
is converted into crude oil are still 
obscure, but there can be no doubt that 
bacterial processes are largely responsible 
for the formation of humus. Associated 
with the humus in recent marine sedi- 
ments are traces of liquid and _ solid 
hydrocarbons which probably come in 
part from decomposing plants and in 
part from bacterial bodies. While quanti- 
tatively the amount of hydrocarbons 
produced by plants (Hackford, 1932; 
Seyer, 1933; Chibnall, e¢ al., 1934; 
Sanders, 1937) may be sufficient to ac- 
count for all known petroleum deposits, 
the author is aware of no geological evi- 
dence to explain the selective migration 
and accumulation of petroleum hydro- 
carbons exclusively from this source. 
Possibly such preformed hydrocarbons 
contribute somewhat, but the main 
bulk of petroleum is probably produced 
at some depth in older sediments as 
attested by the lack of evidence that 
any petroleum has been formed since 


the Pliocene (Cox, 1946).2 
2 Since this was written, Paul Smith (1952) 


The recent observations of White- 
head and Breger (1950) on the low 
temperature pyrolysis of organic extract 
from marine sediments suggest that 
certain humus might be quite readily 
converted into petroleum hydrocarbons. 
Contributing mechanisms may be con- 
tact catalysis, radioactivity (Lind, 1938), 
bacterial activity, and other processes 
at temperatures prevailing within the 
limits ot the “geological fence.” 

Studies on the decarboxylation of 
organic compounds, deamination reac- 
tions, transmethylations, and hydrogen 
sulfide liberation, suggest various mech- 
anisms by which anaerobic bacteria can 
convert marine humus into substances 
more akin to petroleum. Further observa- 
tions on such bacterial reactions are 
urgently needed to elucidate the problem 
of the origin of oil. 


BACTERIA PRODUCE HYDROCARBONS 


The anaerobic fermentation of organic 
matter nearly always results in the 
formation of methane, a common con- 
stituent of natural gas and crude oil. 
Methane is also formed by the reduction 
of carbon dioxide with either organic 
compounds or molecular hydrogen serv- 
ing as a source of energy (Barker, 1936; 
ZoBell, 1947). The bacterial production 
of ethane has been reported (Neave and 
Buswell, 1938; Rawn et al., 1939), and 
there is somewhat less conclusive evi- 
dence for the microbial formation of 
propane, butane, ethylene, and other 
gaseous hydrocarbons in small amounts. 

A good many bacterial species (Porter, 
1946) produce carotene, flavorhodin, 
and other complex pigmented hydro- 
carbons having the empirical formula 
CaoH5i-s8, which may be susceptible to 


has reported extracting from recent marine 
sediments appreciable quantities of paraf- 
finic, naphthenic, and aromatic hydrocarbons, 
the amount of which increased with depth 
throughout the length of a 103-foot core from 
the Gulf of Mexico. The extrapolation of his 
data indicated that a cubic mile of such sedi- 
ment might contain 13,000,000 barrels of this 
extract resembling crude oil. 
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hydrogenation. It is especially signifi- 
cant that some of these pigmented 
hydrocarbons produced by bacteria pos- 
sess the benzene nucleus. Phenol, cresol, 
and possibly other aromatic compounds 
commoniy found in crude oil are pro- 
duced by marine bacteria from the 
degradation of proteins (Updegraff, 1948). 

Ether-soluble unsaponifiable oily ex- 
tracts produced from fatty acids by sul- 
fate-reducing bacteria were identified by 
elementary analysis and physical proper- 
ties as a mixture of hydrocarbons ranging 
from Cio to Cs; (Jankowski and ZoBell 
1944). An optically active mixture of 
liquid and solid hydrocarbons was ex- 
tracted from marine bacteria by API 
Research Project 43B workers (Whit- 
more, 1945). Similar observations lead 
the author to believe that all anaerobic 
bacteria produce as part of their ceil 
substance, traces of liquid and _ solid 
hydrocarbons. Although the amount of 
such hydrocarbons is small, if they are 
more resistant to decomposition than the 
rest of the bacterial cell substance, 
hydrocarbons may gradually accumulate 
as the organic material is used over and 
over again by bacteria. 

According to Bach and Sierp (1924), 
the anaerobic degradation of fats under 
natural conditions resulted in the torma- 
tion of liquid hydrocarbons. An increase 
in the hydrocarbon content of diatoms 
undergoing degradation by anaerobic 
bacteria was observed by Clarke and 
Mazur (1941), one of the principal 
hydrocarbons produced being hentria- 
contane, Cs He. 


HYDROGEN UTILIZATION 


Bacteria which utilize molecular hy- 
drogen may contribute to oleogenesis and 
also help to account for the paucity of 
this gas in oil fields. Free hydrogen is 
commonly formed during the fermenta- 
tion of organic matter (ZoBell, 1947) 
and it may be produced by radioactivity 
(Lind, 1938), or by a variety of chemical 
reactions. 

In reviewing the literature on this 


subject, ZoBell (1947) has pointed out 
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that several species of anaerobic bacteria 
found in marine sediments catalyze the 
oxidation of hydrogen. Some bacteria 
activate the hydrogenation of unsatu- 
rated compounds: 


where R is an alkyl group or other 
organic radical. Other bacteria catalyze 
the reductive deamination of amino 
acids with molecular hydrogen: 


RCHNH:COOH + He 
—RCH:COOH+NHs3 


Of special interest are anaerobic bac- 
teria which reduce carbon dioxide to 
methane: 


—CH, + 2 H,O 


this being an exothermic reaction yield- 
ing sufficient energy to provide for the 
synthesis of bacterial cells which catalyze 
the reaction. This may also be said of 
autotrophic sulfate-reducing _ bacteria 
which obtain their energy for growth 
from the oxidation of hydrogen: 


H.SO,+4Hs +4H,.O 


Finding such bacteria in oil fields may 
help to account for the decrease in the 
sulfate content and increase in the sulfide 
content of brines characteristic of oil 
fields. Such bacteria may also contribute 
to oleogenesis because they have been 
shown to produce appreciable amounts 
of ether-soluble unsaponifiable material. 
We have found enough of these organisms 
in petroliferous sediments to account for 
the formation of 6.2X10~° mgm of 
oily material per cc of sediment per year. 
Although the oily material is believed to 
consist largely of hydrocarbons, conclu- 
sive proof is still lacking. The carbon 
necessary for this synthesis comes from 
carbon dioxide or carbonates: 


CO.+3He —(—CH.—) +2H,0 


where (—CH.—) represents a building 
block of bacterial cell substance, part of 
which may be hydrocarbon (Sisler and 
ZoBell, 1951). 
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BACTERIAL MODIFICATION 


OF CRUDE OIL 

Virtually all kinds and classes of 
petroleum hydrocarbons have been shown 
to be susceptible to bacterial oxidation 
under favorable conditions (ZoBell, 
1946b; 1950a). Several dozen samples of 
crude oil from representative fields have 
also been found to be attacked by bac- 
teria. Unfortunately, very little is known 
regarding the changes caused by bacteria, 
but it is axiomatic that those crude oils 
which support the growth of bacteria 
may be modified. 

Certain constituents of crude oil may 
be selectively decomposed or converted 
into other substances. Tausson and 
Aleshina (1932) believe that certain 
sulfate-reducing bacteria tend to convert 
paraffinic hydrocarbons higher than Cio 
into naphthenic hydrocarbons. The 
preferential attack of sulfur compounds 
and other changes in the properties of a 
variety of Russian crudes caused by 
sulfate-reducing bacteria has been re- 
ported by Maliyantz (1935). We have 
observed both increases and decreases in 
the gravity of crude oils under the influ- 
ence of bacteria, the direction and 
magnitude of the reaction appearing to 
depend upon the type of bacteria present 
and environmental conditions. 

Tausz (1919) found an increase in the 
asphaltic residue of Mendoza crude oil 
from an initial content of 0.3 per cent to 
5.2 per cent as a result of bacterial 
activity. Bacterial activity was found 
by Tausson and Shapiro (1934) to affect 
the index of refraction, iodine number, 
saponification number, density, and 
physical appearance of Emba crude oil 
samples. The middle fractions and un- 
saturated compounds were selectively 
attacked in laboratory experiments. 

There are several mechanisms by 
which bacteria attacking oil at the oil- 
water interface bring about the forma- 
tion of water emulsions of oil. Possibly 
such bacterially produced water emul- 
sions may help to account for the migra- 
tion of oil. Water emulsions are caused 
partly by fatty and naphthenic acids 
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produced by bacteria from petroleum 
hydrocarbons, which suggests that such 
acids not infrequently found in oil fields 
may be the result of bacterial activ- 
ity. 

Given sufficient time and favorable 
conditions, bacteria can be expected to 
bring about the quantitative destruction 
of petroleum hydrocarbons in an aerobic 
environment. This may help to account 
for the absence of oil from many environ- 
ments and its disappearance from sedi- 
ment samples stored in the presence of 
free oxygen. In anaerobic environments 
characteristic of petroliferous sediments, 
crude oil constituents may be slowly 
and selectively attacked at the oil-water 
interface. Certain heavy metals, low 
redox potentials (ZoBell, 1946a), high 
concentrations of hydrogen sulfide, and 
other unfavorable conditions may retard 
or prevent bacterial activity. In a closed 
system the toxic metabolic products of 
bacteria themselves may limit bacterial 
activity. 

In a closed system such as a petroleum 
deposit, anaerobic bacteria might con- 
ceivably attack hydrocarbons at the 
oil-water interface. However, the extent 
of their activity would be limited by 
toxic metabolic products and compe- 
tition for essential nutrients. Conse- 
quently, the few surviving bacteria would 
soon reach a condition of dynamic 
equilibrium in which multiplication or 
reproduction would be limited by the 
rate of diffusion of toxic products away 
from, and essential nutrients into, the 
biosphere. This condition of dynamic 
equilibrium, in which bacterial activity is 
envisioned as being extremely slow, may 
be altered by diastrophism, drainage 
from an oil well, or by any disturbance 
that may promote the movement of oil- 


field fluids. 


LIBERATION AND MIGRATION OF OIL 


Bacteria growing in marine sediments 
may contribute to the liberation of oil 
from oil-bearing materials and promote 
its flow in various ways. Most obvious 
is the bacterial decomposition of the 
organic matrix of plant bodies bearing 
oil, thereby freeing oil droplets to 
coalesce with other oil droplets. 

A second mechanism by which bac- 
teria dissolve carbonate or sulfate rocks 
on which oil is adsorbed has been 
described by ZoBell (1947). The dissolu- 
tion of such sedimentary materials may 
not only release adherent oil, but it may 
also favor the flow and accumulation of 
oil by the formation of void spaces and 
channels. 

Third, bacterially produced carbon 
dioxide tends to decrease the viscosity 
of oil, particularly when under pressure. 
This may favor the flow of oil. Bacterially 
produced methane may dissolve oil or 
decrease its viscosity to a point where it 
flows more readily. When methane, 
hydrogen, and other gases are produced 
by bacteria in microtraps (ZoBell, 1950b) 
entrapped oil may be expelled. 

Fourth, the tendency of certain bac- 
teria to grow on solid surfaces is another 
mechanism by which adherent oil may 
be removed from the surface of sedimen- 
tary particles. Those that produce deter- 
gents are most effective. Bacterially pro- 
duced detergents and fatty acids both 
bring about water emulsions of oil that 
may promote its flow to a structural or 
stratigraphic trap. 

Regardless of the problematical practi- 
cal applications of the bacterial process 
to the secondary recovery of oil, bacteria 
that induce the release and flow of oil 
are believed to have played an important 
part in the migration and accumulation 
of oil throughout the geological ages. 
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DISCUSSION 
LOESS, AN EOLIAN PRODUCT 


Correction and a reply to the remarks of F. F. F. E. van Rummelen 


D. J. DOEGLAS 
Agricultural University, Wageningen, Netherlands 


In the author’s paper on the origin of 
loess in the Journal of Sedimentary 
Petrology of December 1949 a regrettable 
error has been made. According to table I 
the epidote percentage of the Oligocene 
was zero and that of garnet only 3 per 
cent. The author used mineral data from 
the continental Oligocene in N.E. Bel- 
gium. In the Dutch South Limburg, 
however, the Oligocene is marine and 
contains an average of 12 per cent 
epidote and 14 per cent garnet. The other 
Tertiary formations in this area are 
continental and are practically free of 
epidote. 

In December 1950 F. F. F. E. van 
Rummelen discussed this error in a 
Dutch popular scientific paper and in the 
March, 1951 number of the Journal of 
Sedimentary Petrology a translation of 
this paper appeared. The tables I and II 
of these papers by van Rummelen not 
only show epidote in the Oligocene but 
also in the other Tertiary series of South 
Limburg. As van Rummelen referred to 
a large number of his own analyses, 
present already in manuscript form, the 
author waited to answer him until this 
paper appeared. 

The second paper of van Rummelen 
(1951), however, forces the author not 
only to correct his error but also to 
prove that the average epidote percent- 
ages given by van Rummelen give a 
wrong impression of the mineral associ- 
ations of the Cretaceous, Miocene and 
Pliocene. 

The percentages in the author’s paper 
of 1949 had been estimated. In the 
present paper (table 1) the percentages 
of garnet, hornblende and epidote have 
been calculated. The number of samples 


used for these calculations have been 
indicated and the authors from which 
the data have been taken are mentioned. 
The mineral tables in the papers used are 
indicated in the bibliography. The per- 
centages of epidote given by van Rum- 
melen and by the author in 1949 are 
given too. 

The average percentages of epidote 
calculated by the author and those given 
by him in 1949 only deviate for the 
Oligocene and a thin basal layer of the 
Middle Miocene which according to 
Mueller (1943) consists of reworked 
marine Oligocene. The discrepancies 
between the average percentages of epi- 
dote of van Rummelen and those calcu- 
lated by the author, however, are large 
except for the Oligocene. The number of 
data used has no influence: van Rum- 
melen 751—Doeglas 566. 

When the percentage of epidote of 
the loess is compared with those calcu- 
lated by the author for the underlying 
formations, it is clear that only the base 
of the Middle Miocene and the Oligocene 
could have contributed epidote to the 
loess. The average percentage of epidote 
in these formations, however, is about 
half that of the loess. 

The percentage of hornblende gives a 
more striking difference. The loess con- 
tains an average of 7.2 per cent and the 
average percentage of the underlying 
formations is less than 0.1. Only the 
Pleistocene terraces contain a high horn- 
blende percentage. The hornblende 
variety in the terraces, however, is brown 
green and that of the loess blue green. 

The garnet of the loess (average 16 
per cent) also could have been derived 
from the basal Miocene and the Oligo- 
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TABLE 1 


Doeglas, 1951 


vr, Rummelen 
1951 


Number of 


Number of 
samples 


Loess (Edelman) 
Loess (Doormaal) 
Loess—average 


| samples 


| Epidote 


van Baren, Zonneveld 
Middle terrace 
Upper terrace 


| Hornblende 
= 


Muller 
Pliocene 
Kiezeloélite terrace 


Upper Miocene 


Middle Miocene 
garnet-free zone 
garnet-rich zone 
basal marine zone 


Upper Oligocene 
Middle Oligocene 
Lower Oligocene 
Total Oligocene 


Senonian, S. Limburg 
Senonian, E. Brabant 


ww 
Mo OPN RUN 
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oo oso 
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Edelman-Doeglas 
Pliocene 
Miocene 

Upper Oligocene 
Middle Oligocene 
Lower Oligocene 


1 Hornblende in Pleistocene terraces is brown-green, in loess blue-green. 


2 Includes saussurite. 


3 Muller did not analyse samples from Upper Miocene. re 
4 van Rummelen calculated 5 per cent epidote. According to his own table I it is only 2 per 


cent. 


5 The garnet- and garnet-free zones are 60-100 meters thick, the marine base of the Middle 
Miocene is 10-20 meters and represents reworked Oligocene according to Muller. Lower Mio- 


cene is absent. 


cene. In the southern part of South Lim- 
burg and in Belgium the Miocene is 
absent and the Oligocene only occurs in 
small patches. The loess overlies the 
Senonian or Pleistocene terraces. 

The Senonian of South Limburg (39 
well samples) and of areas farther North 


investigated by Muller (1943), a total 
of 111 well samples, contains less than 
0.25 per cent epidote. Van Rummelen 
gives only one sample with 14 per cent 
epidote, analyzed by himself. 

The basis of the author’s paper on the 
eolian origin of the loess minerals, there- 


Doeglas 

| 1949 
2 

Qa 
5 a 
16 0 
16 7 
16 
213 14 | 2:9 
po 49 2.4 | 0.04 | 1.1 || 28 421 2 
0 22 11 
34 
48 | 1 6.6 48 0 
is | 2 
m4 | 2 14 60 
136 | 1 9 162 
49 | 1 24 48 | 
(209) | 1 12.8 | (270) 0 
| 72 | 
9 1.3 | 0.0 0.1 «’ 
5 0.6 | 0.0 0.0 
12 5.0 | 0.0 4.6 ; 
66 | 15.4 | 0.15 2.3 . 
8 | 10.7 | 0.4 8.5 
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fore, has not been weakened. The mineral similar to the mineral association of the 
association of the loess in South Limburg _ glacial deposits in the central part of the 
could not have been derived from the Netherlands an eolian transport is neces- 
underlying formations and as it is very _ sary. 
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REPLY TO THE REMARKS OF N. M. SHUKRI ON “BEACH SANDS 
OF THE MEDITERRANEAN COAST OF EGYPT” 
BY M. E. HILMY 


MOHAMED HILMY 
Farouk I University, Alexandria, Egypt 


In reply to Dr. Shukri’s ‘‘Remarks on 
‘Beach Sands of the Mediterranean 
Coast of Egypt’—”’ which appeared in 
the September 1951 issue of the Journal, 
and which referred to my paper in the 
June, 1951, issue of the Journal, I wish 
to point out that “previous” publication 
on the black sands at Rosetta occurred 
in the October 1950 issue of the Quarterly 
* Journal of the Geological Society of 
London, and that this issue was received 
by the University of Michigan libraries 
on November 27, 1950. By this time I 
had finished my paper, most of the work 
on it having been done before I came to 
the United States in 1948. My paper was 
received by the Journal of Sedimentary 
Petrology on December 18, 1950. 


Dr. Davidson wrote on September 11, 


1951, drawing my attention to his 
addendum on Shukri’s paper, and I 
first read Shukri’s paper, entitled ‘‘The 
Mineralogy of some Nile Sediments,” 
in September, 1951. The surprising thing 
is that out of 150 samples described, 


there is only one sample collected from 
Rosetta on the Mediterranean beach. Of 
this one sample Dr. Shukri says (op. cit. 
p. 522): “The sand examined from 
Rosetta (locality 52) is a black beach 
sand, worked for monazite in places, and 
is different from the typical Nile sedi- 
ments. It is poor in both pyroxenes and 
amphiboles and rich in augite relatively 
to hornblende. This is due to the sorting 
action of waves along the _ beach.” 
Besides showing the location of Rosetta 
on the map (op. cit. pl. XXX), that was 
all that was contributed by Dr. Shukri 
to the sedimentology of the beach sands 
of the Mediterranean Coast of Egypt. 
The contribution of Dr. Davidson in the 
discussion of Shukri’s paper (Quart. 
Jour. Geol. Soc. London, cv, pp. 533- 
534) is of real interest with regard to 
the black sands of the Mediterranean 
beach of Egypt, but unfortunately, as I 
mentioned above, I was not aware of its 
publication at the time I had finished my 


paper. 
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REVIEW 


The Tectonics of Middle North America: 
Middle North America East of the 
Cordilleran System by Philip B. King. 
Princeton University Press, Princeton, 
N. J., 1951. Pp. XIX-203, frontispiece 
and 50 figures. $3.75. 


Geologists were indebted to Dr. King 
for the able summary of the structural 
geology of the United States which 
appeared in 1933 for the 16th Interna- 
tional Geological Congress, but the 
appearance of this book 18 years later 
increases their indebtedness. About two- 
thirds of the North American continent 
is considered, the Cordillera being ex- 
cluded. The comparison of the old and 
new versions is illuminating as it gives a 
measure of the advance made in the 
last two decades in a part of the world 
where geological activity has been par- 
ticularly vigorous and geologists pecu- 
liarly favored because of the enormous 
amount of new evidence made available 
by drilling. The author deserves special 
gratitude for bringing much of this that 
is pertinent into focus with a judicious 
suppression of almost all the bewildering 
place names that sometimes blight ac- 
counts of stratigraphy. The familiar 
divisions appear as a Central Stable 
Region, a belt of Paleozoic Mountain 
Structures, and the Coastal Plains. 

The central stable region is broken up 
into the Laurentian Shield forming much 
of Canada and two lobes reaching the 
northern part of the United States and 
into a broad belt of Interior Lowlands. 
It is shown that the shield although 
acting as an entity since Cambrian times 
is diverse in its structure. A very ancient 
part, some 2000 million years old, has 
been identified and its sediments persist 
unaltered, showing hardly any meta- 
morphism, whilst a much younger series 
about half the age occurs in a state of 
intense alteration. The interior lowlands 
which are occupied by the unaltered and 
only slightly deformed Paleozoic forma- 


tions of the veneer are dealt with in two 
parts, that of the basins and uplifts in 
the one hand and of the foreland in the 
other. The uplifts of Wisconsin, the 
Ozarks, Cincinnati, and Nashville are 
described much as they were in 1933, but 
the information regarding the thick and 
varied sediments within the basins has 
accumulated enormously, and_ several 
new basins have been discovered. Dr. 
King makes a point of recognizing a 
foreland along the south eastern edge of 
the interior lowlands in which the 
sediments thicken towards a geo-synclinal 
area and writes of a hinge line between 
it and the geosyncline. This is hypo- 
thetical rather than actual to judge by 
the illustrations. 

The Paleozoic structures aligned from 
Newfoundland to Alabama constitute 
the Appalachian chain. In a discussion 
of this region it appears that elements of 
Taconic, Acadian, and Appalachian oro- 
genes can be distinguished, clearly in 
some parts, obscurely in others, and may 
be reasonably inferred elsewhere, and the 
rocks occur in distinct belts where 
metamorphism is negligible, considerable 
and intense respectively. Concordant 
batholiths or injection complexes have 
been recognized and there are besides 
discrete discordant granites with narrow 
aureoles of contact metamorphism. Com- 
parison between the northwesterly 
“Valley and Ridge’ province of the 
Central Appalachians and the Jura 
Mountains has often been made. It is 
interesting to compare King’s (fig. 32) 
diagram with Buxtorf’s from which it 
emerges that the idea of decollement and 
movement over a lubricant is common to 
both. The eastern part of fig. 32 which 
does not appear in the original paper by 
Rodgers implies the conception of nappes 
de recouvrement which are not explicitly 
described in the text, but the profile 
raises intriguing possibilities. Can it be 
that the cult of nappes sliding down- 
hill, the idea of “écoulement” which is 
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now flourishing in France, Switzerland, 
and Holland has found an apostle in 
North America? The tightly folded and 
intruded central region and the marginal 
zone of low angle thrusts and imbrication 
recall the pattern of the Alps insistently. 
The reviewer was surprised to find no 
mention of the salt tectonics of Nova 
Scotia. 

The subdivision of the book which 
describes the structures west of the Mis- 
sissippi River copes with structures 
imperfectly displayed but marshals the 
material to make it clear that a mountain 
chain lies buried here which rose at dif- 
ferent times in the Appalachian orogeny. 
The later formed Ouachita part of the 
system abuts against the edge of the 
earlier folded Wichita section much as 
the middle-east Alpine structures do 
against the Bergamasc zone in Italy 
(L. U. deSitter, Geol. en Mijn, 9, pp. 
1-13, 1947). The author stimulates 
speculation about the missing link 
between the Southern Appalachians and 
the eastern Ouachita Mountains. The 
change in facies involved is a difficulty, 
but at least at one place in the Iranian 
ranges known to the reviewer, a sudden 
change in facies takes place with a deflec- 
tion such as may be postulated as one 
possibility occurring below the Cre- 
taceous of the Mississippian embayment. 
The problem set by the boulder beds 
shown in fig. 42 which the author seeks 
to solve as a fossil landslip is another 
fascinating one. Such beds are found in 
Baluchistan and India as well as in 
Italy and some of these are explained as 
due to the rupturing of sturdier beds, 
and the carriage of the fragments in a 
softer rock like shale which has been 
induced to flow, much as a plum stone 
may be squeezed out of a ripe fruit. 


The coastal plains form a unit which 
is unsatisfactory tectonically but the 
heading serves geographically for the 
discussion of a heterogeneous province 
in which structures are superficially 
simple even if complex at depth. The 
growth of knowledge about the shape of 
the packets of strata in this strip has 
been rapid and the detection of a large 
syncline parallel to the coast raises a 
comment from the author that an in- 
cipient geosyncline may be growing 
here. The uplifts, basins, faults, and salt- 
plugs of the western part receive reason- 
able treatment. The most baffling of the 
phenomena set forth is a group of faults 
which increase in throw down-wards; 
have facies change across them; and 
show drag-folding in the wrong sense, 
vide fig. 49. These occur in young 
strata with a tilt seawards which is 
vaguely reminiscent of the Pacific coast 
in Ecuador and Peru where bedding-plane 
faults and transcurrent faults occur. 
Such fractures, if envisaged here, would 
tend to remove some of the apparent 
difficulties. 

Finally no review would be adequate 
which did not refer to the newly drawn 
diagrams in which the uniformity of a 
constant exaggeration of vertical scale 
makes comparison between them all 
possible. It is to be hoped that when the 
second part of the book appears some 
map of the type that accompanied the 
1933 Guide Book will be provided, 
because although many maps are recom- 
mended in the bibliography, an ad hoc 
map greatly facilitates the reading of the 
book and provides for the implications of 
the saying that ‘“‘all men are indolent.” 

J. V. HARRISON, OXFORD, ENGLAND 

Visiting Professor 

University of Illinois 
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ANNOUNCEMENTS 


CORDILLERAN SECTION OF THE 
GEOLOGICAL SOCIETY OF 
AMERICA MEETING 
April 11 and 12, 1952 


The program for the forty-eighth an- 
nual meeting of the Cordilleran Section 
of the Geological Society of America to 
be held in Tucson, Arizona on the Uni- 
versity of Arizona campus on April 11 
and 12, 1952, has been announced by 
Prof. Edwin D. McKee, Chairman of the 
program committee and professor of 
geology of the University of Arizona. 

“Ninety-eight papers will be pre- 
sented,” says Prof. McKee. ‘‘This repre- 
sents over fifty per cent more papers 
than were given at the last meeting of 
this group.”’ Included will be twenty-one 
papers on seismology and eleven papers 
dealing with the geology of Arizona. 

Members of the committee preparing 
the program were Prof. McKee, chair- 
man, Dr. V. L. VanderHoof, secretary of 
the Cordilleran Section and Professor of 
vertebrate paleontology, Stanford Uni- 
versity, Palo Alto, California, Dr. Charles 
A. Anderson, United States Geological 
Survey, Prescott, Arizona, and Mason L. 


Hill, Richfield Oil Corporation, Los 
Angeles, California. 
This meeting is sponsored by the 


Arizona Geological Society, Tucson. 
Outstanding in the program is a panel 
discussion of mountain building to be 
conducted Friday, April 11, by Dr. 
H. N. Fiske, Humble Oil Company, Los 
Angeles, California, Dr. William H. 
Easton, University of Southern Cali- 
fornia, Los Angeles, California, Ors. 
Francis J. Turner and Jean Verhoogen, 
University of California at Berkeley, 
California, Dr. Hugo Benioff, California 
Institute of Technology, Pasadena, Cali- 
fornia, and Dr. James Gilluly, United 
States Geological Survey, Denver, Dr. 
Jan Campbell of the California Institute 


of Technology will be the moderator. 
Of special interest to students will be 


a panel discussion of employment oppor- 
tunities. Members of the panel will be 
representatives of commercial, institu- 
tional and governmental agencies. 

Concurrent with general meeting of 
the Cordilleran Section will be meetings 
of the Seismological Society of America, 
the Paleontological Society of America 
and the Mineralogical Society of Amer- 
ica. 

Four concurrent one-day field trips 
will be conducted on Thursday, April 10 
before the meeting. Some aspects of 
ground water, stratigraphy, metamor- 
phism and economic geology in Arizona 
will be presented in the four trips. 

The ground-water trip will be through 
the Queen Creek and Santa Cruz River 
basins and will be conducted by Samuel 
F. Turner and Leonard O. Halpenny, 
United States Geological Survey, Tucson. 

The stratigraphic trip will be recon- 
naissance of an area of Paleozoic and 
Cretaceous sections near Tucson, con- 
ducted by Prof. Donald L. Bryant and 
Dr. John F. Lance, University of Ari- 
zona, Tucson. The trip to a metamorphic 
area will be conducted in the Santa Cata- 
lina Mountains by Dr. Bert S. Butler, 
University of Arizona and Calvin S. 
Bromfield, United States Geological Sur- 
vey, Tucson. 

The economic geology trip will be to 
the Ajo mining district west of Tucson. 
It will be conducted by Dr. Andrew F. 
Shride, of the United States Geological 
Survey, Tucson. 

Following the meeting there will be a 
two-day field trip through central Ari- 
zona conducted by Dr. Eldred D. Wilson, 
Arizona Bureau of Mines, Dr. George A. 
Kiersch, University of Arizona and Drs. 
John W. Harshbarger and Andrew F. 
Shride, United States Geological Survey. 

The two-day trip will traverse a cross 
section of southern Arizona from the 
basin-range country, northward through 
the mountain area to the Colorado Pla- 
teau. Stops along the way include the 
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new San Manual copper area, Ray, Su- 
perior, Miami-Globe and the Salt River 
Canyon. The new open-pits at Inspira- 
tion-Miami and the Castle Dome Dis- 
trict will be visited. 

A general banquet will be held Friday 
evening at 7 P.M. and special and business 
meeting luncheons will be held by vari- 
ous groups during the two days. 

Entertainment for ladies will include 
an excursion to San Xavier Mission and 
other features in the Tucson area and a 
luncheon and style show will be held 
Saturday, April 12. 

A wide variety of professional, com- 
mercial and local exhibits will be dis- 


played. 


GUIDEBOOK FOR THE FORTY- 
EIGHTH MEETING, CORDIL- 
LERAN SECTION, GEOLOGI- 
CAL SOCIETY OF AMERICA 


The contents of the guidebook for the 
field trips to be held in conjunction with 
the April, 1952 meeting of the Cordil- 
leran Section of the Geological Society of 
American have been announced by the 
Arizona Geological Society, sponsor of 
the meetings. This guidebook will be 
the first publication on the general geol- 
ogy of southern Arizona since 1925. In- 
cluded will be detailed road logs of five 
trips and fifteen articles. 

In connection with the four concurrent 
one-day pre-meeting trips to be offered, 
the following topics are discussed in the 
guidebook: ground-water problems, es- 
pecially those of recharge, in the irrigated 
desert area east of Phoenix; typical 
Paleozoic and Cretaceous stratigraphy 
of the Tucson Mountains immediately 
west of Tucson; some metamorphic fea- 
tures, possibly relevant to the granitiza- 
tion problem, exposed in the Santa Cata- 
lina Mountains immediately north of 
Tucson; and the geology of the New 
Cornelia copper mine at Ajo. 

The two-day post-meeting trip will 
traverse a cross section of Arizona from 


the basin-range province, northward 

through the mountain area to the Colo- 

rado Plateau. Papers describe the mining 
areas of San Manuel, Ray, Superior, 

Castle Dome, and the Globe-Miami dis- 

trict; structure and stratigraphy of the 

Winkelman-Ray, MRay-Superior, and 

Globe-Miami areas; the Gila conglom- 

erate problem; the diabase problem of 

north-central Arizona; and the upper 

Paleozoic stratigraphy of the southern 

border of the Colorado Plateau. 
Papers included in the guidebook are 

as follows: 

L. C. Halpenny and S. F. Turner, 
“‘Ground-Water Problems of the Queen 
Creek Area” 

H. N. Babcock and E. M. Cushing, 
“Recharge to Ground Water from 
Floods in a Typical Desert Wash, 
Pinal County, Arizona” 

D. L. Bryant and J. F. Lance, ‘‘Paleo- 
zoic and Cretaceous Stratigraphy of 
Tucson Mountains” 

C. S. Bromfield, ‘‘Some Geological Fea- 
tures of the Santa Catalina Moun- 
tains” 

H. W. Steele, “San Manuel Copper De- 
posit’’ 

G. A. Kiersch, ‘Geology of the Hayden 
Area”’ 

O. S. Clarke, Jr., “Structural Control of 
Ore Deposition at Ray, Arizona”’ 

E. D. Wilson, ‘“‘General Geology between 
Ray and Superior, Arizona”’ 

H. W. Steele, “‘Geology and Ore De- 
posits of Magma Mine” 

L. A. Heindl, ‘“‘Gila Conglomerate” 

N. P. Peterson, ‘Structural History of 
the Globe-Miami District” 

N. P. Peterson, “Castle Dome Copper 
Deposit” 

A. F. Shride, “Geology of Salt River 
Canyon in Vicinity of Highway 60” 
R. L. Jackson, ‘‘Penn-Permian Facies of 
the Supai Formation in Central Ari- 

zona” 
The geology of the New Cornelia 

Mine, Ajo, Arizona, will be described. 
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Teaching Aids for Optical Mineralogy 


Interference Figures of Crystals Under Polarized Light. A set of 41 
color slides illustrating uniaxial and biaxial interference figures, determina- 
tion of positive and negative figures and sections normal to an optic axis. 
LX 25 Complete set of 41 slides with script, postpaid ............ $30.75 


Grain-Thin-Sections. A new development whereby one slide will possess 
several grains illustrating the complete optical character of the mineral. 


Multiple Oriented Sections. 4 new slides: Interference Figures, Relief 
Scale, 2 V Slide, Bxa-Bxo Slide. Complete set of 40 grain-thin-sections plus 
4 multiple oriented sections ................ $110.00 (list Roch. N.Y.) 


GEOLOGICAL SUPPLIES AND EQUIPMENT. Ward’s outstanding equip- 
ment service is organized to meet the special requirements of the geologist, 
mineralogist, and paleontologist. Simplify your procurement problem by writing 


for free illustrated price list . . . “Supplies for the Geologist.” 
NATURAL SCIENCE 


WA R D : S ESTABLISHMENT, INC. 


3000 RipGE Roap EAst 


ROCHESTER 9, N.Y. 


THE SOCIETY OF ECONOMIC PALEONTOLOGISTS AND MINERALOGISTS 
P.O. Box 979, Tulsa 1, Oklahoma 
Published annual volumes of the S.E.P.M. are available at the following terms. 


JOURNAL OF PALEONTOLOGY: 
Vol. 1 (3927). Complete in 4 Nos. Reprinted 1948 Per. Vol. Per. Vol. 
Paper-bound copies $ 6.00 s— 
Cloth-bound copies 6.50 _ 
Vol. 2 (1928). Complete in 4 Nos. 8.00 6.00 
Vol. 3 (1929). Only Nos. 1 and 2 Available 4.00 3.00 
Vol. 4 (1930). Only Supplement 1 Available 2.00 1.50 
Vols, Sto 8 (1931-34). Each Complete in 4 Nos. 8.00 6.00 
Vols. 9% to 11 (1935-37). Each Complete in 8 Nos. 16.00 12.00 
Vols. 12 to 22 (1938-48). Each Complete in 6 Nos. 12.00 9.00 
Vol. 23 (1949). Only Nos. 3 to 6 Available 8.00 6.00 
Vol. 24 (1950). Only Nos. 2 to 6 Available 10.00 7.50 
Vol. 25 (1951). Complete in 6 Nos. 12,00 9.00 


Vol. 26 (1952). Non-member, $10.00; Outside U.S., $10.40. 
Member, Covered by $6.00 dues, postpaid. 


SINGLE ISSUES: Non-Members, $2.00; Members, $1.50. 
JOURNAL OF SEDIMENTARY PETROLOGY: 


Vol. 1 (1931). Only No. 1 Available $ 1.75 $ 1.35 
Vols. 2 to 7 (1932-37). Each Complete in 3 Nos. 5.25 4.05 
Vol. 9 (1939). Only No. 1 Available 1.75 1.35 
Vol. 12 (1942). Complete in 3 Nos. 5.25 4.05 
Vol. 13 (1943). Only Nos. 1 and 2 Available 3.50 2.70 
Vol. 15 (1945). Only No. 1 Available 1.78 1.35 
Vol. 17 (1947). Only Nos. 1 and 2 Available 3.50 2.70 
Vol. 18 (1948). Only Nos. 2 and 3 Available 3.50 2.70 
Vol. 19 (1949). Complete in 3 Nos. 5.25 4.05 
Vols. 20 and 21 (1950-51). Each Complete in 4 Nos. 7.00 5.40 
Vol. 22 (1952). Non-member, $5.00; Outside U.S, $5.40. 
Member, Covered by $4.00 dues, postpaid. 

SINGLE ISSUES: Non-members, $1.75; Members, $1.35. 
BIBLIOGRAPHY OF OTOLITHS, by Robert B. Campbell, 32 pp. (Sept., 1929) ...... $1.00 per copy 
TURBIDITY CURRENTS AND THE TRANSPORTATION OF COARSE SEDIMENTS TO DEEP WATER, 

A Symposium, 107 pp. (Nov., 1951) Non-members, $2.75 per copy 


Members, $2.25 per copy 
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SOCIETY OF 
ECONOMIC PALEONTOLOGISTS 
AND MINERALOGISTS 


SOCIETY OFFICERS (MARCH 1952-MARCH 1953) 
President: Currrorp C, CourcH, San Francisco, California 
First Past-President: THomas H. Putportt, Shreveport, Louisiana 

Second Past-President: C. Krumsetn, Evanston, Illinois 

Vice-President: Morton B. STEPHENSON, Houston, Texas 

Secretary-Treasurer: Ceci. G. LavicKEer, Dept. of Geology, University of Kansas, Lawrence, 
Kansas 
Editor, Journal of Sedimentary Petrology: J. L. HoucH, University of Illinois, Urbana, Illinois 


Editors, Journal of Paleontology: Grover Murray and Louis J. WiBert, Louisiana State Uni- 
versity, Baton Rouge, Louisiana 


Pactric SecTION OFFICERS (1951-1952) 
President: W. T. RorHwett, Long Beach, California 
Secretary-Treasurer: JaMEs L. CowEtt, Ventura, California 


THE AMERICAN ASSOCIATION OF 
PETROLEUM GEOLOGISTS 


ASSOCIATION OFFICERS (MARCH 1952-MARCH 1953) 
President: Morcan J. Davis, Houston, Texas 
Past-President: Frank A. Morcan, Los Angeles, California 

Vice-President: JouHN G. BartraM, Tulsa, Oklahoma 

Secretary-Treasurer: RoBERt H. Dott, Oklahoma Geological Survey, Norman, Oklahoma 
Editor: K. Lanves, Ann Arbor, Michigan 


GEORGE BANTA PUBLISHING COMPANY, MENASHA, WISCONSIN 
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